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A composite had been widely used for the lightweighting purpose amid increasing 
environmental concerns. Among composite manufacturing processes, compression molding is 
widely used for automotive parts. During compression molding, the mold geometry and 
molding process conditions significantly influence the fiber configuration and the mechanical 
performance.  
Hence, this thesis aims to characterize the microstructural and mechanical properties of the 
complex shaped composite automotive components: outer seatback and inner seatback. Both 
parts were compression molded using commercial glass mat thermoplastic sheet with long 
glass fibers (30mm-50mm) embedded in the polyamide resin. The microstructural 
characterization results showed that the microstructural properties are influenced by 
geometries of the automotive components. Especially the geometries significantly influenced 
the fiber orientation of the nearby region. For the mechanical properties, both tensile and 
flexural properties were measured. The better mechanical properties were shown in the 
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Summary for Lay Audience 
The automobile industry recently had been focusing on enhancing the fuel efficiency of 
automobiles due to increasing regulatory demands around the globe. As a result, the 
automobile industry turned its attention towards lightweighting. Lightweighting is a design 
concept that aims to reduce the vehicle weight by replacing the vehicle parts with materials of 
high strength and low density such as composite material. A composite material is a material 
made of two or more constituent materials. In this thesis, a composite of interest is a fiber 
reinforced composite, which contains fiber reinforcement and matrix. Fiber reinforcement adds 
strength to the composite material. Matrix holds fibers and transfers the load to fibers.  
A composite material can be molded with a variety of molding methods, but this thesis is only 
concerned with compression molding. Compression molding is a composite molding method 
that uses a hydraulic press to compress the charge material into the desired form. During the 
compression molding, mold geometry can cause significant changes in the microstructural 
properties of a composite (i.e. fiber orientation), which are closely related to its mechanical 
performance. Therefore, the understanding of the impact of the mold geometry on the 
microstructural properties of the molded material is important. 
Hence, this thesis first aims to evaluate the influence of mold geometry on the microstructural 
properties of the compression-molded automotive components. The experimental techniques 
are utilized to characterize fiber orientation, fiber concentration, and fiber length in various 
areas of different geometries. Also, this thesis aims to investigate the influence of the 
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Chapter 1  
1 Introduction  
In recent years, governments around the globe started to implement regulations on the carbon 
dioxide emission of automobiles amid the growing concern on global carbon dioxide emissions 
of which the transportation sector accounted to be for 22% in 2008 [1]. The ongoing regulatory 
trend made lightweight design an important design concept in the automobile industry as it 
improves an automobile’s fuel economy, hence helping vehicles to meet the regulatory criteria 
[2]. As a result, the application of lightweight materials has been significantly increasing in the 
automobile industry. One of these lightweight materials is a fiber reinforced plastic (FRP) 
composite which provides a significant opportunity for lightweight design due to its greater 
potential for reducing mass than metals, such as high strength steel and aluminum, while 
maintaining desirable mechanical properties [3].  
An effective process chain of production is needed to mass produce FRP automobile parts.  In 
line with the ongoing trend of the digitization of manufacturing, a digital simulation of the 
production process can be used to implement a continuous and functional virtual process chain 
of manufacturing. It is suitable for the development and testing of new components, 
optimization of manufacturing processes, or adjustment of components to address process and 
product constraints. During the development of the virtual process chain, characterization of 
physical and microstructural properties is required for post validation of the process simulation 
[4]. Therefore, the motivation of this project is to characterize the mechanical and 
microstructural properties of the post-molding composite material.  
1.1 Composite 
A composite is a material which is composed of two or more constituents. Its constituents can 
be categorized into two components based on their functions: reinforcement and matrix. The 
reinforcement bears an applied load within the composite, thus providing strength and stiffness. 
The matrix holds reinforcing fibers, protects them from abrasion and the surrounding 
environment, and transfers the applied load to the fibers. There are various types of fibers and 
matrix based on a structure and material. Among those materials, the material of interest in this 




Fiber reinforced composite can be classified into two classes of continuous and discontinuous 
fibers. Discontinuous fiber is a chopped fiber, and its orientation may be aligned or random. A 
discontinuous fiber reinforced composite has good formability, which allows the molding of 
complex shapes. However, it has a more complex microstructure than a continuous fiber 
reinforced composite. Discontinuous fiber can be further categorized into short fiber and long 
fiber, in which a composite of fibers with an length to diameter aspect ratio less than 100 is 
considered as a short fiber composite, and one with an aspect ratio larger than 100 is considered 
as a long fiber composite. [6–8]. 
 
 
Figure 1-1: Composite classification. Adapted from [9]. 
 
Plastic composite has two types of a matrix: thermoset and thermoplastic. Thermoset 
undergoes a curing process in which a cross-linking chemical reaction takes place during 
vitrification. Once the thermoset material cures, its shape cannot be reshaped. Unlike thermoset, 
thermoplastic does not have curing, and its form changes solely by physical phase change. This 
property enables thermoplastic to be recyclable, but it also makes it harder to process. The 





Previous studies show that long fiber reinforced thermoplastic (LFT) has an advantage of better 
mechanical performance over short fiber reinforced thermoplastic (SFT). Karger-Kocsis [10] 
conducted the Charpy impact tests on injection molded polypropylene composites reinforced 
with short glass fibers and long glass fibers at -40, 20, and 60°C. In this experiment, LFT 
showed significantly higher fracture toughness, initiation fracture energy, and Young’s 
modulus. After the observation of the fracture sites by SEM, the author suggests that LFT 
hinders crack growth better for two reasons: long fibers are less well oriented in the crack plane, 
which reduces the chance of brittle failure of the matrix, and fibers are mostly bent. Ward and 
Crosby [11] conducted the notched Izod impact test on both short (SFT) and long glass fiber 
reinforced (LFT) nylon 6/6. LFT showed significantly higher impact strength comparing to 
SFT. Moreover, the increase in the impact strength by increasing fiber concentration was 
higher in LFT than SFT, showing better reinforcement efficiency of LFT. Other studies suggest 
the better mechanical properties of LFT over SFT as well [12–14].  
1.2 Compression Molding and Glass Mat Thermoplastic 
Figure 1-2 shows the classification of the composite manufacturing processes. In this paper, 
only the compression molding and glass mat thermoplastic are the subjects of interest. During 
the compression molding, a charge is first heated to the molten state. After the heating, the 
molten charge is transferred and placed in a mold cavity. Then it is pressed by a hydraulic press 
until the part is consolidated. Once the molded part attains stable dimensions, the part is 
demolded from the mold cavity [15]. Compression molding is illustrated in Figure 1-3. 
Advantages of the compression molding include low cycle time that ranges between 30 and 60 
seconds and a highly automatable process, which makes it suitable for mass production. It also 
allows molding of complex shape parts, which adds merit for its application in the automotive 
industry [6]. Nevertheless, some geometries such as a small hole cannot be molded with the 
compression molding. In comparison to the injection molding, which is also frequently used 
for the automobile production due to its short cycle time and complex mold geometries, the 
compression molding has its advantage of maintaining better integrity of fibers due to lower 
shear stress history and requiring lower pressure to mold thinner parts [16].  However, the 
compression molding tends to be more expensive and requires more labor. It has been mainly 





Figure 1-2: Manufacturing process classification. Adapted from [5]. 
 
 




Compression molding of FRP charges initially used thermoset materials such as bulk molding 
compound (BMC) and sheet molding compound (SMC). Later around the 1980s, their 
thermoplastic counterparts, such as glass mat thermoplastic (GMT) and long fiber 
thermoplastic (LFT), were introduced. GMT, the material of interest in this project, is a semi-
finished sheet composed of thermoplastic matrix and glass fibers 25mm or longer. Because it 
is a semi-finished product, GMT allows better control and flexibility over fiber properties 
including: fiber architecture (continuous, woven, or chopped fibers), fiber length, and 
orientation (random or directional). Generally, GMT is produced by melt impregnation that 
involves sandwiching multiple layers of glass mats with a liquid polymer matrix, then 
consolidation to form a semi-finished sheet [15,20].  
1.3 Complex Geometries and Microstructures  
 





Figure 1-5: Geometry and dimensions of inner seatback 
The automotive components of interest in this project are outer and inner seatback. The 
geometry and dimensions of each seatback part are presented in Figure 1-4 and Figure 1-5, 
respectively. In both figures, the mold sides (mold top and mold bottom) and complex 
geometric features are labeled. In the context of this thesis, a complex geometry refers to a 
region with a bending material flow due to the non-planar geometries such as curvatures.  Both 
automotive components contain complex geometries such as flanges and pockets. These 
complex geometries are expected to influence the local microstructural properties of the parts. 
Also, the three global coordinates (flow, transverse, and thickness) are labeled. It is important 
to note that there may be a difference between the global coordinates and local coordinates of 




through-thickness direction would be in a perpendicular direction to the material flow direction 
because the initial GMT charge was folded at the flanges of the mold (Figure 1-6). 
 
Figure 1-6: Diagram of the initial charge location in the SBO mold (left) and image of 
charge placement 
 
1.3.1 Fiber Orientation  
The complex mold geometry induces the anisotropic material flow that causes the local 
variation in the fiber orientation of the compression molded parts [21]. The effect of geometry 
on fiber orientation depends on multiple variables including geometry shape, flow length, 
material type, etc. Consequently, it is difficult to generalize the impact of complex geometry 
on the fiber orientation. Therefore, the fiber orientation in parts with complex geometry is 
usually predicted by simulation, and validated by physical characterization [21–23]. 
Teuwsen et al [21] use the direct fiber simulation to predict the fiber orientation of 
compression-molded ribbed structure carbon fiber sheet molding compounds (CF-SMC). They 
measure the fiber orientation of the entire volume of a ribbed part with a micro-CT scanner at 
the mesoscale resolution of 59.6 µm for the comparison of averaged local fiber orientation to 
evaluate the accuracy of the simulation. Falvaro et al. [22] develop a flow simulation of prepreg 
platelet molding compounds (PPMC) using the smoothed hydrodynamics method. In the study, 
the authors simulate the molding of a PPMC part with a pin bracket geometry. For the 
validation, they conducted a CT scan on the whole pin bracket part and compared the averaged 




molding simulation, which predicts fiber orientation and warpage of carbon fiber reinforced 
thermoplastic part with complex geometry. The researchers first measure the fiber orientation 
of the selected regions of the finished part. After the measurement, they predict the fiber 
orientation using Moldex3D’s iARD-RPR model and validate the simulation by comparing the 
averaged fiber orientation in the selected regions.  
The different characterization method is also utilized to characterize the fiber orientation in the 
finished parts with complex geometry. Jo and Kim [24] use the intensity difference of X-ray 
photographs to investigate the effect of part geometry on the fiber orientation of a compression 
molded long glass fiber reinforced polypropylene rib. They measure orientation function of 6 
locations with different distances from a rib. The experiment shows that the orientation 
becomes less oriented as the distance from the rib increases. The study concludes that the fibers 
are less aligned in the flow direction as the layer gets further away from the rib.  
1.3.2 Fiber Concentration  
The complex geometry can also influence the fiber concentration through a phenomenon called 
fiber matrix separation (FMS). FMS occurs during the processing of a long fiber reinforced 
composite because long fiber length increases the interaction between fibers. The increased 
interaction restrains the flow of fibers. Then fibers start to accumulate, resulting in a bed of 
fibers. The bed of fibers usually forms near regions with complex geometry because their 
narrow flow paths further restrain the flow. In compression molding, the composite material 
flows into regions with complex geometry. The local geometry effect causes matrix separation 
resulting in variation in the local fiber concentration of the part [25,26]. 
The numbers of studies on the topic of FMS are limited. Kuhn et al. [27] study the fiber 
concentration of compression molded rib geometries in different angles and flow directions as 
well as a simple plate region. They compare the fiber concentration of ribs with different 
heights and different directions to the flow. The results show the higher fiber contents at the 
lower section and the decreased fiber contents at the upper section of the rib. However, the rib 
longitudinal to the flow had significantly higher fiber contents at the lower section than the 
perpendicular rib. The authors attribute this result to the increased fiber interaction by narrower 
rib entrance and conclude fiber jamming by the geometry causes a significant deviation in the 




1.3.3 Fiber Length  
Average fiber length of a post-molded material is often reduced due to process-induced fiber 
attrition. The fiber attrition is often caused by shear force applied on the fibers during the 
molding process. Generally compression molding shows lesser degree of fiber attrition due to 
relatively lower shear forces applied on fibers [28]. Song et al. [23] and Bae et al [29] measure 
fiber lengths of the compression molded parts with complex geometries by burning off the 
matrix from the samples and measuring fibers from them. However, to the author’s knowledge, 
there was no comprehensive studies done on the effect of complex shapes on fiber attrition 
during the compression molding.  
The study by Kuhn et al. [27] covers the interaction of the fiber length and the complex 
geometry. The authors develop the compression molding simulation on the rib-shaped plate 
and relate the fiber length with the percentage segments of the fibers entering the rib. From the 
simulation, they found that the number of fibers entering the rib increases as the fiber length 
increases up to 5mm. However, the number of fibers decrease after the fiber length exceeds 
5mm due to the increased fiber interaction near the entrance. The increase in fiber interaction 
was addressed as a cause of the increase in fiber attrition from the study by Sasayama et al [30] 
because the increased interaction bends the fibers, which makes fibers to be easily broken by 
the compressive shear flow. However, the study by Kuhn et al. [27] does not cover the topic 
of fiber attrition.  
1.4 Mechanical Properties and Microstructures 
1.4.1 Fiber Orientation 
The mechanical properties of fiber reinforced composites are mainly determined by the 
microstructural properties of fiber reinforcement. Particularly, fiber orientation is strongly 
related to mechanical properties. Previous studies suggest the fiber alignment in the loading 
direction increase composite strength and modulus in both tensile and flexural properties [31–
33].  
In the case of discontinuous fiber reinforced plastic composite (DiCoFRP), its fiber orientation 
is significantly influenced by the process-induced flow. Hence, the anisotropic process-
induced flow causes anisotropic alignment of fibers, which results in anisotropic mechanical 




1.4.2 Fiber Concentration 
Thomason et al. published series of studies on the influence of fiber contents and fiber length 
on mechanical properties of glass fiber reinforced polypropylene (PP) [34–39] and long glass 
fiber reinforced polyamide 6,6 [40,41], which is the most comprehensive study on the topic to 
date.  
The studies observe that the composite modulus increases linearly with fiber concentration at 
0-40wt% range [34,38]. However, at the higher fiber concentration, the rate of increase in 
modulus differed depending on the experiments. Thomason and Vlug [34] conduct mechanical 
tests on the wet-deposited glass fiber reinforced PP laminate molded by the compression 
molding. They found that the tensile and flexural modulus of the laminate linearly increases 
with the fiber contents up to 40wt%, but the rate of increase of modulus decreased at higher 
fiber contents. A later study in the series observe [37] the linear increase in tensile modulus of 
injection molded short (Length: 1.9mm) and long (Length: 4.2mm) glass fiber reinforced PP 
over 0-50wt% fiber contents was observed. The subsequent study on the injection molded long 
glass fiber reinforced PP show that the composite modulus increases as the fiber content 
increase, but there was a difference between flexural modulus and tensile modulus. The 
flexural modulus increased linearly over the range of the volume fraction, but the tensile 
modulus deviated from linearity at higher fiber contents [38]. For the reason behind the 
deviation of modulus from linearity, Thomason et al suggests fiber packing problems and an 
increase in voids due to higher fiber concentration [34]. 
Thomason et al [38] also test the tensile and flexural strengths of injection molded glass fiber 
reinforced polypropylene composite with the fiber concentration ranging between 0wt% and 
73wt%. The tensile strength and flexural strength increased and peaked at 40wt%, but they 
decreased afterward. Thomason et al suggest that mechanical performance decreases at higher 
fiber contents because it causes inadequate fiber dispersion. Other studies in the series also 
measure mechanical strengths [35–37], but they did not measure the strengths beyond the 40-
60wt% fiber contents range, so they did not show the decrease of strengths. Similar studies 
done by other researchers on long PP fiber reinforced propylene-ethylene copolymer 
composite [42] and glass fiber reinforced PA6 composite [43] also showed the mechanical 




1.4.3 Fiber Length  
For optimal mechanical properties, it is important for a composite to have a fiber length 
exceeding a critical fiber length to efficiently transfer load from a matrix to fibers. On this 
matter, the series of publications by Thomason et al. also study the relationship between 
mechanical properties and fiber length of DiCoFRP. Thomason and Vlug [34] prepare the glass 
fiber reinforced PP laminates of different fiber lengths (0.1mm to 12mm) using the 
compression molding. The tensile test results show that the tensile modulus of glass fiber 
reinforced PP initially increases along with a fiber length, but it becomes independent of fiber 
length above 0.5mm. In a subsequent paper, Thomason and Vlug [35] compare the tensile 
strength of glass fiber reinforced PP laminates with different fiber lengths. They found that the 
tensile strength also initially increases with fiber length, but plateaus beyond the fiber length 
range between 3mm and 6mm. Thomason and Vlug [36] conduct a study on impact properties 
of glass fiber reinforced PP laminates, which increased with the fiber length up to 6mm, then 
plateaued for longer fiber lengths. Based on the results, Thomason et al provided a model of 
composite mechanical performance as a function of fiber length, as shown in Figure 1-7. Using 
this model, Thomason [37] predicts the theoretical increase in the mechanical performance of 
injection molded glass fiber reinforced polypropylene when the fiber length increases from 
1.9mm to 4.2mm, then compared it with the experimental results. The study concludes the 





Figure 1-7: Normalized modulus, strength, and impact as a function of fiber length in 
glass fiber reinforced PP GMT [37] 
However, the model is not validated universally by other studies. Also, the experiments of this 
model do not consider the interactions between microstructural properties [44,45]. The 
mechanical properties may be influenced by variation in the fiber orientation and local fiber 
concentration by the change in fiber length.  
1.5 Description of Fiber Orientation  
Assuming the number of fibers per unit volume is uniform and fibers are rigid cylinders with 
uniform length, the orientation of a single fiber can be described by a unit vector p along the 






sin θ cos ϕ








Figure 1-8: Vector definition of a single rigid fiber’s orientation 
 
Accounting for each fiber in a volume using the above mathematical description is rather 
inefficient to describe the volume’s fiber orientation distribution due to the large numbers of 
an individual fiber with its distinct orientation. Therefore, the fiber orientation is more 
efficiently described by the volumetric fiber orientation expressed in the probability 
distribution function ψ(𝜃, 𝜙). The probability of a fiber being oriented between angles 𝜃  and 
(𝜃 + 𝑑𝜃), and 𝜙  and (𝜑 + 𝑑𝜙) is described with ψ(𝜃, 𝜙) as follows [46]: 
P(θ ≤ θ ≤ θ + dθ, ϕ ≤ ϕ ≤ ϕ + dϕ) = ψ(θ , ϕ ) sin θ dθdϕ (1.2) 
However, the probability distribution function is mathematically burdensome, which limits 
its simulation application.  Alternatively, Advani and Tucker [47] propose a concise tensorial 
description of fiber orientation. In the tensorial description, fiber orientation is represented by 




with the probability distribution function (∫ ψ(𝑝)𝑑𝑝) over all possible directions of a fiber. A 
second order tensor is conventionally used for a description of fiber orientation.  However, 
the fiber orientation evolution equation in the mathematical models [46] involve a fourth 
order tensor, which must be approximated with a closure approximation to compute fiber 
orientation data.  A second and fourth order orientation tensor are mathematically expressed 
as  
𝑎 = 𝑝 𝑝 ψ(𝑝)𝑑𝑝 (1.3) 
𝑎 = 𝑝 𝑝 𝑝 𝑝 ψ(𝑝)𝑑𝑝 (1.4) 
The orientation tensor 𝑎  represents the average orientation of fibers present in a unit volume, 
and it is calculated based on the angles (𝜃, 𝜑) of fibers. The orientation tensor components can 
be calculated as follows: 
𝑎 =
𝑎 = 〈𝑠𝑖𝑛 𝜙𝑐𝑜𝑠 𝜃〉 𝑎 𝑎
𝑎 𝑎 = 〈𝑠𝑖𝑛 𝜙𝑠𝑖𝑛 𝜃〉 𝑎




The component of an orientation tensor approaches 1 with the increasing probability of the 
fibers orienting towards a principal direction and it approaches 0 as the probability decreases. 
When the fibers are randomly oriented, the value of 𝑎  is . Typically, axis 1 in the coordinate 
system aligns in a flow direction, axis 2 aligns in a perpendicular direction to flow, and axis 3 
aligns in a through-thickness direction.   
The conciseness of the orientation tensor made it more suitable for the application in numerical 
simulation. Eventually, it became the conventional description method for fiber orientation of 




1.6 Fiber Orientation Characterization Techniques  
1.6.1 Method of Ellipses 
The method of ellipses (MoE) is a characterization method to determine fiber orientation 
distribution (FOD) of a discontinuous fiber composite. The conciseness and low cost of MoE 
[49] make it one of the commonly used FOD characterization methods [49–55]. 
The sample preparation step is vital for MoE analysis because it affects the quality of an image. 
When the section of a fiber-reinforced composite as a sample is obtained, a fiber leaves its 
footprint on a surface plane of the sample. However, the contrast of polymer-fiber interface in 
the image may affect the accuracy of the definition of elliptical footprints.  The imprecise 
dimensions of elliptical footprints may increase the systematic error of the MoE method [56]. 
Therefore, the plane must be well polished for well-defined dimensions of the elliptical 
footprints. In addition to it, some studies used additional physical processes to improve the 
contrast. For example, Velez-Garcia et al. [49] use plasma etching and gold sputtering 
processes after polishing.   
After the sample preparation, elliptical footprints on the plane are captured in the image of the 
plane. The shape of these ellipses changes depending on the orientation of fibers as illustrated 
in Figure 1-9 [57].  Hence, the second order tensorial orientation can be calculated from the 
measurement of the geometry of the ellipses. The imaging of fiber is typically done using a 
reflective optical microscope [49–52], but other instruments can be used as well including 
scanning electron microscope (SEM) [53], confocal laser scanning microscope (CLSM) [54], 






Figure 1-9: Changes in elliptical footprints by a rigid fiber’s orientation 
The fiber requires the following parameters to be measured: major (M) and minor (m) axes of 
the ellipse, and the in-plane angle (𝜙) between 𝑥  axis and M [49]. The illustration of these 
parameters is shown in Figure 1-10a.  
 
Figure 1-10: (a) Illustration of geometric parameters of ellipses (b) Illustration of 
ambiguity in the in-plane angle (𝝓) of ellipse 
After measuring the geometrical parameters, the out-of-plane angle (𝜃) of a fiber can be 








Based on the out-of-plane angle and measured in-plane angle, the orientation tensors of a fiber 





𝑎 = 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜙 (1.8)  
𝑎 = 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜙 (1.9)  
𝑎 = 𝑐𝑜𝑠 𝜃 (1.10)  
However, MoE has major disadvantages of being a destructive testing method and the 
ambiguity in its in-plane angle. As displayed in Figure 1-10b, a rigid fiber oriented in 𝜙 leaves 
the identical elliptical footprint as the other fiber that is oriented in 𝜙 + 180°  direction. It 
causes ambiguity in determining an actual in-plane angle of the elliptical footprint. This 
problem can be solved by performing orientation analysis on three mutually perpendicular 
sections to determine all the off-diagonal components [52]. Also, the other solution is 
addressed in the work by Velez-Garcia et al. [49] which uses a shadow region to resolve the 
ambiguity problem. The shadow region is a region of fiber under the polished plane, which is 
excavated during the extra etching step. It reveals where the fiber is inclined towards, thus 
solving the ambiguity problem of the in-plane angle of the elliptical footprint.  
1.6.2 X-ray Microtomography 
X-ray microtomography or micro-computed tomography (µCT) is a non-destructive testing 
technique that uses X-ray to image the inner structure of a sample specimen. Initially, µCT 
was developed in the 70’s for its medical application to observe an inner structure of a human 
body, and it was not used for industrial applications due to technical challenges. However, the 
improvement in the computing power and a detector’s spatial resolution increased its industrial 
application [58,59]. Recently, µCT gained popularity in the composite research for its ability 
to visualize composite fibers in high resolution without destroying a sample. It has been used 
to study inner structures of composites for multiple purposes such as fiber orientation 




µCT uses the attenuation mechanism of X-ray to image an inner structure of a sample. The X-
ray photons are absorbed and scattered in various physical mechanisms upon the interaction of 
a photon and the sample. The physical mechanisms include photoelectric absorption, Rayleigh 
or Thompson scattering, Compton scattering, and pair production. For each mechanism, the 
probability of photons interacting with the sample is represented by a linear attenuation 
coefficient 𝜇 (𝐸, 𝜌, 𝑍), which is a function of the photon energy (E), the mass density (ρ), and 
the atomic number (Z) of the transmitted sample. The linear attenuation coefficient of each 
mechanism sums up to represent the total probability of the interaction. The linear attenuation 
coefficient of each mechanism is dependent on the energy of the incident photon. When the 
energy of the photon is lower than 100keV, most of the total linear attenuation coefficient is 
contributed by photoelectric absorption. However, when the energy exceeds 100keV, the 
Compton scattering becomes the dominant effect. Rayleigh or Thompson scattering and pair 
production are less relevant in the context of X-ray application [59].  
The linear attenuation coefficient can be calculated using the Lambert-Beers law. Its 
mathematical description is as follows: 
𝐼 = 𝐼 𝑒 ∫ ( , , )∙  (1.11)  
where S represents the X-ray trajectory path [59]. The Lambert-Beers law calculates the local 
linear attenuation coefficient along the X-ray trajectory across the sample using the incident 
photon flux generated by the X-ray source, 𝐼 , with the attenuated incident photon flux 
received by a detector, 𝐼. The intensity of the linear attenuation coefficient differs depending 
on the degree of absorption by the sample material.  
The basic setup for µCT is comprised of three components: radiation source, detector system, 
and sample specimen. As in Figure 1-11, the sample specimen is placed between the radiation 
source and the detector. Then, the radiation source produces an X-ray, which attenuates from 
its interaction with the sample, and then recorded on the detector. During the scan, the sample 
fully rotates in 360° by an increment of few tenths of an angle up to 1° to obtain the radiograph 
from every angle for complete information of the entire structure of the sample [58].  
The X-ray attenuation data from the scan is reconstructed into a stack of grey-scale slice images 




thickness slice within the sample. The image is composed of voxels and its grey level is 
proportional to the intensity of X-ray attenuation. By stacking these images, a 3D 
representation of the sample can be shown.  
After the reconstruction, the fiber orientation can be determined by two methods. The first 
method is to segment every single fiber from a dataset and calculate its centre line to measure 
the orientation. This method requires high resolution images, and hence its analysis volume is 
rather small. The second approach is to use the grey value difference between fiber and matrix. 
This method does not require the segmentation of a single fiber, which allows the analysis of 

















The main objective of this research is to develop and apply characterization methods for 
microstructural and mechanical properties of the outer and inner seatback parts, as examples 
of complex molded parts. 
The objectives of this research study are: 
1. To characterize microstructural properties of the outer and inner seatback 
2. To characterize mechanical properties of the outer and inner seatback 
3. Investigate the effect of complex geometry on microstructural properties 
4. Investigate the influence of microstructural properties on mechanical properties  
1.8 Thesis Composition 
Chapter 1 Introduction & Literature Review. The background of the research topic and a 
literature review of the relevant topics are provided in this chapter. It includes the topic of 
compression molding, the effect of the geometry of a molded part on microstructural properties, 
a relationship of microstructural and mechanical properties, description of fiber orientation, 
and fiber orientation characterization methods. It also provides the research objectives.  
Chapter 2 Experimental methods. In this chapter, experimental methods to characterize 
microstructural and mechanical properties of outer and inner seatbacks are discussed.  
Chapter 3 Outer Seatback. This chapter presents and discusses the experimental results of the 
outer seatback parts. 
Chapter 4 Inner Seatback. This chapter presents and discusses the experimental results of 
samples from the inner seatback parts.  
Chapter 5 Conclusion and Future Work. The conclusion and remarks on the future works are 





Chapter 2  
2 Experimental Procedures 
As discussed in the literature review, the microstructural and mechanical properties of a 
composite are significantly influenced by the molding process [65,66]. Moreover, the molding 
geometry can further induce a localized development in the composite part’s microstructural 
properties and therefore mechanical properties [21,24,26,67]. Thereby, the microstructural and 
mechanical properties of the complex shaped composite are varied and highly dependent on 
the local part geometries. For this reason, the local properties in different geometries must be 
characterized to have a better understanding of the effect of geometry on the properties of the 
composite. Furthermore, the properties characterization of the outer and inner seatback can 
provide data for the validation of molding process simulation [4]. This chapter will present the 
experimental methods to characterize the mechanical and microstructural properties of 
complex shaped outer and inner seatbacks. 
2.1 Material and Processing Conditions  
In this study, the molding material was Tepex Flowcore by Lanxess. Tepex Flowcore is a semi-
finished long fibre reinforced glass mat thermoplastic polyamide-6 composite with a fibre 
volume content of 47 vol.%. The glass fibers have a diameter ranging between 9µm and 24µm. 
The fibers are discontinuous, and the nominal length is 50mm.  The fiber orientation was 
randomly oriented in most layers, but there was a preferred orientation in 0 direction at one of 
the surfaces [68]. Xu used micro-CT at the voxel resolution of 5µm to characterize the fiber 
orientation of the unmolded Tepex Flowcore. Its fiber orientation distribution is shown in 
Figure 2-1. It is represented with the second tensorial description [47] described in Section 1.5. 
Table 2-1 shows the properties of Tepex Flowcore.  
For both outer seatback (SBO) and inner seatback (SBI), the charge was prepared by cutting 
Flowcore sheets in a T-shape. The dimensions of the Flowcore sheets are summarized in Figure 
2-2. These initial charge patterns were selected because they showed the most consistent part 
filling during the molding process. Due to the geometries of the seatback parts, the flow of the 
charges was expected to be small, which made part filling challenging. For this reason, 
Fraunhofer Project Centre for Composites Research (FPC) at the Western University 




dimensions. The trials showed that the charge patterns in Figure 2-2 have the most consistent 
part filling during the molding process.  
 
Figure 2-1: Fiber orientation distribution of unmolded Flowcore [68] (0 direction 
represents the flow direction and 90 direction represents transverse direction) 
 
Table 2-1: Summary of Tepex Flowcore [68] 
Properties Unit Value 
Label - Tepex® Flowcore 102-RGR2400/47% 
Fiber material - E-glass roving 








Thickness per layer 
(nominal) 
mm 2.0 





The initial charge mold area coverage for both SBO and SBI is approximately 100%. The 
charges were stacked and heated in the oven. Then they were placed at the centre of the mold. 
The charges were then compression molded by the hydraulic press at FPC to produce SBO and 
SBI parts. The molding process parameters are summarized in Table 2-2. 
Table 2-2: Summary of processing parameters 
Parameter Unit Outer Seatback Inner Seatback 
Flowcore sheet thickness mm 2.0  2.0 
Number of sheets - 2 2 
Charge oven temperature °C 300 300 
Heating time  s 720 720 
Target closing pressure bar 300 300 
Max. closing force kN 7453 7442 
Closing speed profile mm/s @ mm  80/80/15 @ 30/5/0 80/80/15 @ 30/5/0 











2.2 Microcomputed Tomography and Optical Microscopy 
Measurement of Fiber Orientation Distribution 
Fiber orientation distribution are determined with microcomputed tomography (micro-CT) and 
optical microscope (OM) analysis. 
2.2.1 Micro-CT 
Six rectangular specimens with the dimensions of 12mm x 30mm were obtained using bandsaw 
and waterjet cutting. The image of a CT specimen is shown in Figure 2-3, and the sampling 
locations are illustrated in Figure 2-4. Sample A and Sample E were located next to the curves 
to view how the material flow near a bend influences the fiber orientation distribution of the 
nearby region on the top of the SBO part. Sample F was also located near the curve, but it was 
chosen from the upper flange to observe how the bend flow influences the nearby region in the 
perpendicular flanges. Sample D was obtained from the bottom of the upper pocket. Lastly, 
Sample B and C were obtained from the centre of the SBO part. A micro-CT scan was 
performed on each sample with Zeiss Xradia 410 Versa X-ray Microscope at Surface Science 
Western. The spatial resolution of the scan was 5.5 µm at a beam energy of 80kV. The spatial 
resolution represents a dimensional length of a scan’s cubic voxel. The experimental 
parameters of the micro-CT scan are shown in Table 2-3.  
 
Table 2-3: Micro-CT experimental parameter setup 
Parameter Unit Value 
Spatial resolution µm 5.5 
Voltage kV 80 
Power W 8 
Exposure seconds 12 






Figure 2-3: Sample A prepared for micro-CT scan (left) and OM analysis (right) 
The scan dataset was reconstructed into a set of grey-value images in .tiff formats. Then, the 
reconstructed images were edited using ImageJ to be able to analyze the fiber orientation from 
the images.  The edited sets of images were sent to and analyzed at the University of Waterloo 
using the structural orientation tensor algorithm developed by Krause et al. [69]. The algorithm 
firstly uses the intensity of grey values to segment the fiber and matrix in the image. Then, it 
measures the local orientation of single points within a fiber to measure the fiber orientation.. 
The algorithm returned each layer’s local fiber orientation in second order tensors description, 
which is proposed by Advani and Folgar [47]. For the representation of results, the sample was 






Figure 2-4: Validation sample location 
2.2.2 Optical Microscope 
The method of ellipses analysis (MoE) [49] was conducted on the scanned samples to compare 
the fiber orientation results with the micro-CT scan. The OM sample was prepared by first 
cutting the scanned sample across a scanning location and then mounting the sample in epoxy. 
The sample was then manually ground with grit papers at 250 RPM. The grit size and polishing 
time are listed in Table 2-4. 
Polishing alone did not provide adequate contrast between fibers and matrix (Figure 2-5) for 
the MoE analysis. Hence, the sample underwent plasma etching for 10 minutes using Trion 
Orion RIE at Western Nanofabrication Facility. The example of the prepared OM sample is 
shown in Figure 2-3. 
After the sample preparation, the cross-section of the sample was imaged at 300x 
magnification with VHX Keyence 6000 at Surface Science Western. The image was then 
analyzed using an in-house MATLAB script for MoE analysis developed by Velez-Garcia et 







Table 2-4: Grit size and polishing time 









Figure 2-5: Comparison of OM sample surfaces before plasma etching (left) and after 
plasma etching (right) 
 
2.3 Mechanical test & fiber orientation analysis 
2.3.1 Sample Preparation  
Both tensile samples and flexure samples were obtained from seatback parts by utilizing a 
bandsaw and waterjet cutting. The dimensions of a tensile sample followed the Type 1 sample 
dimensions in ASTM D638 [70]. The dimensions of the flexure sample were 13mm wide and 
70mm long. The thicknesses of the samples ranged between 2mm to 4mm depending on the 





Figure 2-6: Dimensions of tensile and flexure samples 
 
Ideally, the test samples must be obtained in varying directions in relation to the flow direction 
(0°, 45 °, and 90 °) to evaluate the anisotropic mechanical properties of the parts. However, 
both SBO and SBI had limited numbers of flat surfaces that are large enough to obtain 
mechanical samples. Therefore, each sampling location only had one loading direction. Also, 
the tensile samples of some sampling locations in the SBO (T3, T4, and T5) had a slight 
variation in thickness (~5%) between the sample ends. The variation of the thickness across 
the samples may cause different mechanical stress in different locations within the samples, 
hence resulting in repeated fractures at a specific point. However, locations of the fractures did 
not show a consistent pattern (Figures 3-22, 4-15) during this research.  
For the sampling, 6 different locations of interest were selected based on their surrounding 
geometries. Due to the geometrical restrictions of the mechanical samples, the sampling 
locations had to be plane and large enough to allow the sample cutting procedure. The tensile 
and flexure samples were obtained from these locations. The sampling diagrams are shown in 






Figure 2-7: Sampling diagrams of SBO tensile (left) and flexure samples (right) 
 
 





2.3.2 X-ray microtomography 
A micro-computed tomography (micro-CT) scan was directly performed on the mechanical 
samples to correlate the fiber orientation and its corresponding mechanical properties. 
However, the micro-CT scan was not done on every available mechanical sample because the 
micro-CT scan is expensive and time intensive. For this reason, two samples were randomly 
selected from each seatback part and tested. The flow length of both outer and inner seatbacks 
was small due to the nearly full mold coverage of the initial charges. Therefore, the flow 
variation between different parts was assumed small and comparable between samples from 
different parts.  
A scanning setup used a 3D printed plastic sample holder, which can hold two samples at once. 
Hence, two samples were held together and simultaneously scanned for each run. Before a 
scan, the point of interest was marked with rubber and copper tapes which can be identified in 
an X-ray image. The samples were fixated by filling gaps within the sample holder and 
wrapping the samples with tapes to prevent the movement of a sample within the sample 
holder. The images of the sample setup are shown in Figure 2-9. 
 






Figure 2-10: CT scan locations in SBO parts and SBI parts 
 
Table 2-5: Micro-CT experimental parameter setup 
Parameter Unit Value 
Spatial resolution µm 6.1 
Voltage kV 80 (SBO), 60 (SBI) 
Power W 8 
Exposure seconds 12 
# Projections - 1601 
 
The micro-CT scans were performed at the spatial resolution of 6.1 µm on Zeiss Xradia 410 
Versa X-ray Microscope. The X-ray beam energy was 80kV for the SBO samples and 60kV 
for the SBI samples. The voltage had to be dropped for the samples of the inner seatback 
because its samples could not achieve optimal transmittance with 80kV for the SBI samples 




The micro-CT scans were done on the centre of mechanical samples. The CT locations are 
illustrated in Figures 2-10. After the scan, the fiber orientation analysis was done with the 
procedures in Section 2.1 
2.3.3 Tensile test 
After micro-CT scans, the mechanical tests were done on the samples. Prior to the test, the side 
of the samples was painted black and dotted with white paint spray to visually measure the 
strain during the tensile test. Then the samples were dried at 80°C for 24 hours. The samples 
were subjected to a low humid environment to prevent strength loss from excessive moisture 
absorption by the polyamide matrix.  
The tensile tests were conducted using MTS Criterion Model 45 based on the procedure laid 
out in ASTM D638 [70]. As per the testing standard, the speed of the tensile extension was set 
as 5mm/min. The tensile strain of a sample was measured using a video extensometer. The 
example of the tensile test sample setup is illustrated in Figure 2-11.  
 
Figure 2-11: Tensile tester setup 
The orientation of the sample is important and so in the tensile sample setup, every sample had 
the bottom mold side painted and facing towards the extensometer. This protocol was 
important because there was a slight thickness variation between the top and bottom sides of 




the upper and lower grips of the tester to minimize the potential error occurring from the 
thickness variation across the sample. All tensile tests were conducted at ambient temperature. 
2.3.4 Three-point beam flexural test 
The flexural test samples were also dried at 80°C for 24 hours to remove any moisture in the 
samples. MTS Criterion Model 45 was used in the flexure test as well. The flexural test was 
done in accordance with ASTM D7264 [71] at ambient temperature. The span length of the 
samples was 55mm and the bearing radius was 3mm. The loading rate of the test was 1mm/min. 
The setup is shown in Figure 2-12. For consistency of the experiments, the sides of the samples 
were controlled. All samples had a mold top side facing upward.   
 
Figure 2-12: Three-point beam flexural test setup 
2.4 Fiber concentration  
2.4.1 Sample Preparation  
A fiber concentration sample was prepared in a circular shape with a diameter of 20mm. Its 
image is shown in Figure 2-13.  
 






Figure 2-14: SBO concentration analysis sample plan 
 
For SBO, the first six sampling locations (#1-6) were located at the centre points of mechanical 
samples. Also, three locations near the flow end of the part (#7-9) were added to observe if 
there is a change in fiber concentration near the flow end. Another sample was obtained from 
the centre of the SBO (#10) to observe the fiber concentration at the centre. The sampling plan 







Figure 2-15: SBI concentration analysis sampling plan 
 
For SBI, the four concentration analysis sample locations (#2,4,5,6) were located at the centre 
point of mechanical samples. Additionally, two more locations (#1,3) were added near 
locations #2 and #4 to compare the results. The locations near the flow end of the part (#7,8) 
were sampled to test if a change in fiber concentration occurs near the flow end. Lastly, two 
locations (#9,10) at the horizontal line of SBI were selected to see the concentration near the 





2.4.2 Thermal gravimetric analysis (TGA) 
The fiber concentration analysis was done by the thermal gravimetric analysis (TGA). TGA 
was done with LECO TGA701 Thermogravimetric Analyzer at Fraunhofer Project Centre 
(Figure 2-16). Its experimental parameters are listed in Table 2-6. 
 
Figure 2-16: LECO TGA701 thermogravimetric analyzer (left) and burnt TGA samples 
after analysis (right) 
 
Table 2-6: TGA experimental parameter setup 
Stage Parameter Unit Value 
Dry 
Start Temperature °C 25 
End temperature °C 107 
Temperature ramp rate °C/minute 6 
Total time minute 13 
Pyrolysis 
Start Temperature °C 107 
End temperature °C 565 
Temperature ramp rate °C/minute 20 




2.5 Fiber length measurement  
2.5.1 Sample preparation 
A square sample coupon with dimensions of 150mm x 150mm was first cut using the bandsaw. 
The dimensions of the coupons are three times longer than the nominal fiber length of pre-
mold Flowcore to prevent the breaking of fibers near the centre of the coupon during the cutting.   
The selected sampling locations are shown in Figure 2-17 and Figure 2-18. In the figures, black 
line squares represent the sample coupon and red points represent the sampling point. For SBO, 
the first sampling location is located at the curve and the second sampling location is located 
within the charge pattern at the centre. These sampling locations were chosen to observe if any 
fiber breakage is occurring due to the surrounding geometries.  
 
Figure 2-17: SBO fiber length measurement coupon and sample location (L-1 location: 




For SBI, the sampling locations were located at two mechanical test sampling locations (T/F3 
and 4). These locations were selected to correlate their results with the mechanical test and 
orientation results. Also, L-1 and L-2 locations are located in symmetrical positions, so it 
would help to observe if there is any asymmetric fiber length distribution across the SBI part.   
 
Figure 2-18: SBI fiber length measurement coupon and sample location 
 
2.5.2 Measurement 
After the cutting, each coupon was burnt at 565°C for 30 minutes to remove polyamide resin. 
The reduction of the sample size (downsampling) had to be done due to the limitations on time 
for determining length of individual fibers.  Hence, epoxy resin was injected at the sampling 
locations to downsample the fibers  as described by Kunc and Nguyen [72]. This method was 
utilized to minimize the experimental bias of picking longer fibers when the downsampling is 




Later, the epoxy plug was isolated from the glass fiber mat, and it was burnt off again at 565°C 
for 30 minutes to remove the epoxy plug. After the downsampling process, fibers were 
manually dispersed and imaged. Then lengths of the fibers in the images were measured using 
ImageJ [60]. In total, 5 samples were measured for each sampling location. Approximately 





Chapter 3  
3 Outer seatback 
This chapter presents the microstructural and mechanical characterization of the outer seatback 
(SBO). For the reference, the diagram of the SBO with the label for surfaces and directions is 
shown in Figure 1-4 from Chapter 1. For microstructural properties, the characterizations were 
done on fiber orientation, fiber concentration, and fiber length. The measured mechanical 
properties include tensile properties and flexural properties. This study aims to evaluate the 
influence of the mold geometries of the SBO on the microstructural properties of its molded 
part. Also, it aims to study the relationship between microstructural and mechanical properties. 
3.1 Microcomputed Tomography and Optical Microscopy 
Measurement of Fiber Orientation Distribution    
 
Figure 3-1: Through-thickness section of Sample E at 300x magnification for MoE 
 
 




The optical micrograph (OM) and a micro-computer tomography (micro-CT) slice image of 
Sample E are shown in Figure 3-1 and Figure 3-2, respectively. Figure 3-3 shows the fiber 
orientation measured from the micro-CT scan and the OM. The fiber orientation was 
represented in the second tensorial form suggested by Advani and Tucker [47]. More 
information on the tensorial representation can be found in Section 1.5. In Figure 3-3, 𝐴  
represents the fiber orientation tensor in the flow direction, 𝐴  represents the fiber orientation 
tensor in the transverse direction, and 𝐴  represents the fiber orientation tensor in the through 
thickness direction. All directions align in the global coordinates. In the normalized thickness, 
0 represents the mold bottom side and 1 represents the mold top side.  
The micro-CT results showed that the fiber orientation distribution of most samples (A, B, C, 
E, F) significantly changed from the initial random fiber orientation distribution except for 
Sample D. The effect of the material flow on the fiber orientation distribution is expected to 
be unsignificant due to the full mold coverage of the initial charge. Therefore, these changes 
in the fiber orientation distribution are likely to be caused by the complex geometries with 
material flow in bends (Figure 1-4) in the vicinity of the samples. As can be seen from Figure 
3-3, the fiber orientation differed depending on the nearby geometries. For instance, when 
Sample A is compared with other centreline samples (B,C), its flow direction orientation tensor 
is significantly higher. It is likely due to the bend next to Sample A in the flow direction, which 
could have pulled the fibers in the flow direction. The OM results also confirm the changes in 
the fiber orientation distribution across the sample.  
Figure 3-4 shows the difference in averaged fiber orientation tensor components between the 
micro-CT results and the OM results of each sample. The degree of difference between the 
results varied depending on the sample. Sample A and F showed a relatively lower differences 
between the results with the difference in the fiber orientation tensors being less than 0.1 in 
most of the layers. However, the rest of the samples showed relatively larger differences 
between the results with the differences in the fiber orientation tensors exceeding 0.1 in many 
layers. Particularly, Sample C and E showed the largest variations between the results with 






Figure 3-3: CT/OM fiber orientation graphs (Normalized thickness: 0 = mold bottom, 1 





























































































































































































































































Figure 3-5: Through-thickness layers of Sample E 
 
There are three possible sources of these deviations. The first potential source is a difference 
in the analyzed dimensions which caused the differences in numbers of analyzed fiber unit 
vectors by the magnitude of multiple digits. OM results only contained the orientation of fibers 
on a plane while CT results contained the orientation of fibers in a volume. Consequently, there 
was a large difference in the numbers of analyzed fiber unit tensors between the micro-CT scan 
(~100 million) and OM image (~52000). Secondly, the OM method may have been 
compromised in the long fiber reinforced composite due to the excessive curvatures of its fibers, 
which is caused by high aspect ratio and complex material flow [73]. The fiber curvature could 
be seen from the CT images of which the example images are presented in Figure 3-5. Lastly, 




between CT numbers in a reconstructed image and true attenuation coefficients of a sample. It 
may be caused by various reasons including physics, sample movement, imperfect scanner 
function, and image reconstruction process [74]. 
3.2 Mechanical tests  
3.2.1 Tensile test 
Table 3-1: Summary of SBO tensile tests (n=8) 
Location 
Ultimate tensile strength 
(MPa) 
Strain @ break (mm/mm) Young’s modulus (MPa) 
























































The tensile tests were conducted in the accordance with ASTM D638 [70] on 8 samples per 
sampling location at ambient temperature. A summary of all tensile results is provided in Table 
3-1. The locations of the tensile samples can be viewed in Figure 2-7 from Chapter 2. The 
tensile test results on the molded Flowcore plaque provided by Broderic Clement-Thorne at 
Western University are summarized in Table 3-2 (Sample size = 5). The charge area of the 
tested plaques was close to full mold planar area (100%) and heating time was 12 minutes.  
The averages of the ultimate tensile strength and Young’s modulus of most samples were 




the average ultimate strength of the T2 samples. Contrastingly, the average strain at break 
values of most sampling locations (Table 3-1) was lower than the strain at break of the 
Flowcore plaque (Table 3-2).  
The tensile results of each sampling location are compared in the whiskers and box plots in 
Figure 3-6, Figure 3-7, and Figure 3-8. The comparison clearly shows that T1 and T2 tensile 
samples, which were loaded in the transverse direction, had lower tensile strength and Young’s 
modulus than other locations (Figure 3-6, Figure 3-8). It is in the agreement with the plaque 
data shown in Table 3-2 in which transverse direction tensile samples have lower tensile 
strength and Young’s modulus than flow direction tensile samples. However, the strain at break 
in Figure 3-7 did not show the same pattern as other tensile properties. T1 had higher strain at 
break than other flow direction sampling locations beside T6. It was contradicting the strain at 
break of the plaque shown in Table 3-2 although the data in Table 3-2 showed very high 
variation with coefficients of variations for both directions exceeding 40%.   
 
Table 3-2: Summary of Flowcore plaque tensile tests (n=5) 
Flowcore 
direction 
Ultimate tensile strength 
(MPa) 




























Figure 3-6: Whiskers and box plot for the tensile ultimate strength of T1-T6 in SBO  
 
 





Figure 3-8: Whiskers and box plot for the Young’s modulus of T1-T6 in SBO 
 
Aside from the difference based on the loading direction, the tensile test results also differed 
depending on the locations in the SBO part. For the comparison, the two-tailed t-test assuming 
the unequal variance at the confidence interval of 95% was conducted between each sampling 
location in the same loading direction. The results are presented in Table 3-3 and Table 3-4. 
 
Table 3-3: Summary of the two-tailed t-test on T1 and T2 in SBO (n=8) 
 Ultimate tensile 
strength (MPa) 




Sampling location T1 T2 T1 T2 T1 T2 
Mean 136.16 97.58 1.72E-02 1.10E-02 11386.01 10685.54 
SD 39.41 19.24 4.08E-03 2.68E-03 1972.44 1102.75 







Table 3-4: Summary of the two-tailed t-test on T3, T4, T5, T6 in SBO (n=8) 
 Ultimate tensile 
strength (MPa) 




Sampling location T3 T4 T3 T4 T3 T4 
Mean 174.39 206.94 1.25E-02 1.49E-02 15061.68 15781.09 
SD 41.37 42.45 2.95E-03 2.11E-03 2043.90 2457.11 
Two-tailed P-value 0.143 0.0934 0.535 
Sampling location T3 T5 T3 T5 T3 T5 
Mean 174.39 146.62 1.25E-02 1.11E-02 15061.68 14500.96 
SD 41.37 40.27 2.95E-03 2.49E-03 2043.90 1830.50 
Two-tailed P-value 0.195 0.292 0.572 
Sampling location T3 T6 T3 T6 T3 T6 
Mean 174.39 199.75 1.25E-02 1.77E-02 15061.68 13524.33 
SD 41.37 29.18 2.95E-03 1.25E-03 2043.90 889.82 
Two-tailed P-value 0.180 1.48E-03 0.0797 
Sampling location T4 T5 T4 T5 T4 T5 
Mean 206.94 146.62 1.49E-02 1.11E-02 15781.09 14500.96 
SD 42.45 40.27 2.11E-03 2.49E-03 2457.11 1830.50 
Two-tailed P-value 0.0112 5.17E-03 0.258 
Sampling location T4 T6 T4 T6 T4 T6 
Mean 206.94 199.75 1.49E-02 1.77E-02 15781.09 13524.33 
SD 42.45 29.18 2.11E-03 1.25E-03 2457.11 889.82 
Two-tailed P-value 0.700 8.25E-03 0.0372 
Sampling location T5 T6 T5 T6 T5 T6 
Mean 146.62 199.75 1.11E-02 1.77E-02 14500.96 13524.33 
SD 40.27 29.18 2.49E-03 1.25E-03 1830.50 889.82 






In Table 3-3, the ultimate tensile strength and the strain at break showed a significant statistical 
difference (𝑝 < 0.05) between the transversely loaded samples. Both ultimate tensile strength 
and the strain at break of T1 were higher than T2. However, there was no statistically 
significant difference between Young’s modulus of the two locations. In Table 3-4, the 
frequency of statistically significant differences (𝑝 < 0.05) differed depending on a property. 
There were relatively fewer statistically significant differences between the samples in the 
ultimate tensile strength and Young’s modulus. For the ultimate tensile strength, only T5 saw 
statistically significant differences from T4 and T6. For Young’s modulus, there was only one 
statistically significant difference between T4 and T6. However, there were statistically 
significant differences in the strain at break between most sampling locations. These results 
suggest the strain at break differs more between the locations than other properties.  
3.2.2 Flexural test 
 
Table 3-5: Summary of SBO three-point beam tests (n=5) 
Location 
Flexural Strength (MPa) Strain @ Break (mm/mm) Flexural Modulus (MPa) 




























































The three-point beam flexural tests were done in accordance with ASTM D7264 [71] on 5 
samples from each sampling location at ambient temperature. The flexural sample location of 
SBO can be found in Figure 2-7 from Chapter 2. Table 3-5 shows the summarized results of 
the flexural test.  
Figure 3-9, Figure 3-10, and Figure 3-11 shows the flexural test results of each sampling 
location in the box and whisker plots. Like the tensile results, the sampling locations oriented 
in the transverse direction (F1, F2) showed relatively lower flexural strength and flexural 
modulus than the flow direction samples (F3, F4, F5, F6). Similar to the tensile results, the 
strain at break of the flexural samples did not show the similar trend as other flexural properties.  
 
 






Figure 3-10: Whiskers and box plot for the flexural strain at break of F1-F6 in SBO 
 
 






The two-tailed t-test assuming the unequal variance at the confidence interval of 95% was 
performed again between the samples of the same sampling direction to identify if the locations 
have a statistically significant difference (𝑝 < 0.05) in the flexural properties. The results are 
summarized in Table 3-6 and Table 3-7.  
The results of the transverse direction samples in Table 3-6 shows that there was no statistically 
significant difference in the flexural properties in F1 and F2. However, the flexural properties 
of the flow direction sample locations showed statistically significant differences between the 
samples (Table 3-10). F3 had a statistically significant difference in the strain at break and 
flexural modulus from other flow direction sample locations. Its strain at break was 
significantly higher than other sample locations, but its flexural modulus was lower than other 
samples in contrast. Also, F6 had a statistically significant difference in the flexural strength 
and flexural modulus compared to the other sample locations. Both of its flexural strength and 
flexural modulus were significantly higher than the properties of other samples. 
 
Table 3-6: Summary of the two-tailed t-test on F1 and F2 in SBO (n=5) 
 Flexural strength 
(MPa) 




Sampling location F1 F2 F1 F2 F1 F2 
Mean 160.33 170.62 1.92E-02 1.96E-02 9921.31 9638.17 
SD 11.01 20.58 7.96E-04 9.10E-04 326.59 1004.08 











Table 3-7: Summary of the two-tailed t-test on F3, F4, F5, F6 in SBO (n=5) 
 Flexural strength 
(MPa) 




Sampling location F3 F4 F3 F4 F3 F4 
Mean 227.32 197.79 2.39E-02 1.95E-02 12006.65 12878.83 
SD 8.48 38.30 1.02E-03 3.03E-03 618.83 565.84 
Two-tailed P-value 0.168 0.0262 0.0486 
Sampling location F3 F5 F3 F5 F3 F5 
Mean 227.32 229.15 2.39E-02 2.01E-02 12006.65 13329.06 
SD 8.48 22.76 1.02E-03 1.64E-03 618.83 759.42 
Two-tailed P-value 0.873 2.88E-03 0.0166 
Sampling location F3 F6 F3 F6 F3 F6 
Mean 227.32 287.86 2.39E-02 2.03E-02 12006.65 15159.08 
SD 8.48 5.08 1.02E-03 6.64E-04 618.83 735.78 
Two-tailed P-value 2.61E-06 3.08E-04 8.17E-05 
Sampling location F4 F5 F4 F5 F4 F5 
Mean 197.79 229.15 1.95E-02 2.01E-02 12878.83 13329.06 
SD 38.30 22.76 3.03E-03 1.64E-03 565.84 759.42 
Two-tailed P-value 0.160 0.713 0.323 
Sampling location F4 F6 F4 F6 F4 F6 
Mean 197.79 287.86 1.95E-02 2.03E-02 12878.83 15159.08 
SD 38.30 5.08 3.03E-03 6.64E-04 565.84 735.78 
Two-tailed P-value 6.46E-03 0.567 5.78E-04 
Sampling location F5 F6 F5 F6 F5 F6 
Mean 229.15 287.86 2.01E-02 2.03E-02 13329.06 15159.08 
SD 22.76 5.08 1.64E-03 6.64E-04 759.42 735.78 






3.3 Fiber orientation  
Table 3-8 shows the labels of the scanned mechanical samples. The locations of CT1-CT6 are 
shown in Figure 2-10 from Chapter 2. Figure 3-12, Figure 3-13, and Figure 3-14 show the fiber 
orientation tensor distribution in the flow direction (𝐴11 ), transverse direction (𝐴22 ), and 
through-thickness direction (𝐴33), respectively. In the core region, most scan locations did not 
show a variation in the orientation tensors between the samples. However, the variation could 
be seen between the samples near the surfaces of the part for CT3, CT4, and CT5. 
Table 3-8: The scanned mechanical samples of SBO parts 
 CT1 CT2 CT3 CT4 CT5 CT6 
Sample 1 
(CT#_1) 
F1_1 F2_1 F3_2 F4_2 F5_3 F6_3 
Sample 2 
(CT#_2) 
T1_3 T2_5 T3_4 T4_6 T5_2 T6_4 
Sample 3 
(CT#_3) 
T1_7 T2_6 T3_7 T4_8 T5_3 T6_5 
 
The results showed lesser variation in the fiber orientation distribution across the thickness 
than the samples from Section 3.1. This result was expected because the mechanical samples 
were obtained from the plane regions due to the dimensional restrictions of the mechanical 
samples. For this reason, the CT scan locations were in the regions that are expected to be less 
influenced by the complex geometries in comparison to the validation samples.  
Nevertheless, the fiber orientation showed differences in the fiber alignment depending on the 
location on the part. For CT1 and CT2 from the centreline of the part, the transverse orientation 
was relatively higher than other locations on the top of the SBO (CT3, CT4, and CT5). The 
fiber orientation distribution of both samples was relatively closer to the random fiber 
orientation distribution, which is the initial fiber orientation distribution of the unmolded 
Flowcore (Figure 2-1). Meanwhile, the locations near the pocket (CT3, CT4, and CT5) showed 
the dominant fiber alignment in the flow direction. The fiber alignment in the flow direction 
near a pocket could also be seen from Sample E in Figure 3-3. These results show that a pocket 






Figure 3-12: 𝑨𝟏𝟏 fiber orientation distribution of SBO mechanical samples (Normalized 











































































































Figure 3-13: 𝑨𝟐𝟐 fiber orientation distribution of SBO mechanical samples (Normalized 











































































































Figure 3-14: 𝑨𝟑𝟑 fiber orientation distribution of SBO mechanical samples (Normalized 











































































































3.4 Fiber concentration analysis 
The TGA results are presented as the whisker and box plot in Figure 3-15. The summary of 
the TGA result is provided in Table 3-9. The pyrolysis results of the pre-mold Flowcore were 
provided by Broderic Clement-Thorne at Western University.  
The fiber concentration showed some differences based on the surrounding geometries. For 
the sampling locations near the pockets (C3, C4, C5), the analysis results showed the fiber 
concentration slightly decreased by -0.94wt%, -2.21wt%, and -1.77wt% in comparison to the 
fiber concentration of unmolded Flowcore. However, the concentration decrease was small, so 
the two-tailed t-test (α = 0.05) assuming the unequal variance was conducted on the fiber 
concentrations of the samples and unmolded Flowcore. The results showed the statistically 
significant differences (𝑝 < 0.05) between the fiber concentration of the unmolded Flowcore 
and the fiber concentration of C4 (𝑝 = 0.0102) and C5 (𝑝 = 0.0211). However, C3 did not 
show a significant difference from the unmolded Flowcore.  
 
 






Contrastingly, the average fiber concentrations increased in most of the sampling locations at 
flanges (C6, C7, C8) by 1.25wt%, 1.75wt%, 3.16wt%, respectively. There was an exception 
in location C9 in which fiber concentration decreased by -0.03wt%. When the two-tailed t-test 
assuming the unequal variance (α=0.05) was conducted, the fiber concentration of C6 (𝑝 =
0.275), C7 (𝑝 = 0.0736), C8 (𝑝 = 0.0545), and C9 (𝑝 = 0.972) did not show statistically 
significant differences from the fiber concentration of pre-mold Flowcore.  
Table 3-9: SBO fiber concentration summary (n=5) 
Sampling Location 
Fiber concentration (%) 
Average SD 
C1 67.73 0.67  
C2 66.42 0.61 
C3 66.01 0.21 
C4 64.74 1.02 
C5 65.18 0.88 
C6 68.20 2.13 
C7 68.70 1.58 
C8 70.11 2.95 
C9 66.92 1.54 
C10 67.22 0.88 
Premold 66.95 0.96 
 
The samples located at the centreline of the SBO (C1, C2, C10) did not show apparent trend 
in the concentration change. There were only minor fiber concentration changes by 0.78wt%, 
-0.53wt%, and -0.27wt%, respectively. The two-tailed t-test assuming the unequal variance (α 
= 0.05) did not show the statistically significant (𝑝 < 0.05)  difference between the fiber 
concentration in C1 (𝑝 = 0.0736), C2 (𝑝 = 0.363), and C10 (𝑝 = 0.677) with the unmolded 
Flowcore.  
3.5 Fiber length measurement 
The fiber length measurement result of the unmolded Flowcore was provided by Broderic 
Clement-Thorne from Western University and is presented in Figure 3-16 (Sample size = 5 
samples; ~300 fibers per sample). The fiber length distribution of L-1 and L-2 are presented in 
Figure 3-17 and Figure 3-18, respectively. In the figures, the percentage represents the fraction 
of fibers in each fiber length bin with 1mm interval. The figures show the averaged percentages 





Figure 3-16: Fiber length distribution of unmolded Flowcore 
 
 


































































































































































































































































Figure 3-18: Fiber length distribution of L-2 in SBO 
The fiber length distribution of L-1 shows the similar distribution as the fiber length 
distribution of the unmolded Flowcore (Figure 3-16), which peaks at 50-51mm range. Also, 
the distribution does not show any other noticeable secondary peak in other ranges of fiber 
lengths. Hence, it can be concluded that there was no fiber breakage occurring in the L-1 
location, which shows that the material flow at a bend does not cause any significant fiber 
attrition during the compression molding of the SBO part.   
However, the fiber length measurement in L-2 (Figure 3-18) showed a different fiber length 
distribution. It showed significantly higher percentages of shorter fibers than L-1 (Figure 3-17) 
with the decrease in the initial fiber length range (50 - 51mm). Also, its distribution showed 
the secondary peak in the ranges of 20 - 31mm. It indicates the significant fiber breakage is 
occurring in L-2.  
The sign of the fiber breakage in the L-2 location also could be seen during the burnoff 
procedure (Figure 3-19). When the samples were burnt off, the sheared fibers could be seen 
around the charge pattern, suggesting that the significant fiber breakage is caused by the charge 





































































































































Figure 3-19: Charge pattern location (right) and burnt off L-2 sample (right) 
 
3.6 Discussion 
3.6.1 Complex geometries and the microstructural properties 
The main research interest of this thesis was the influence of complex geometries on 
microstructural properties. As expected, the local fiber orientation distribution in Figure 3-3 
showed significant differences depending on the surrounding geometries. The change of the 
fiber orientation by geometry was confirmed by the results of Figures 3-12, 3-13, 3-14. Also, 
the CT scans of mechanical samples showed a weaker degree of fiber alignment in the 
dominant direction. It shows that the orientation distribution is more strongly influenced in the 
nearer regions of the complex geometries. The most notable example was the comparison of 
Sample F and CT6, which were located at the flanges of the SBO part. In the comparison, 
Sample F showed the stronger fiber alignment in the through-thickness direction than CT6, 
which was located approximately 10mm further than Sample F from the corner of the SBO 
part with the bending material flow. This phenomenon of lower orientation tensors in the 
dominant fiber alignment direction could also be seen from other mechanical samples. These 
results indicate the complex geometries have a significant impact on the local fiber orientation 





The local fiber concentration around the specific geometries also showed some difference from 
the initial fiber concentration of the charge material. The locations (C3, C4, C5) near the pocket 
geometries (refer to Figure 2-14 for the shape of geometries) showed a small fiber 
concentration decrease (-0.94wt% to -2.21wt%) in comparison to the unmolded Flowcore. The 
t-test at the confidence level of 95% confirmed that there is a statistically significant decrease 
in locations C4 and C5. Also, most sampling locations in the flanges generally showed a slight 
increase in the fiber concentration (+1.25wt% to +3.16%). However, the locations in the 
flanges generally showed a higher degree of variances (Table 3-9), and the t-test at the 
confidence level of 95% did not show any significant statistical difference from the fiber 
concentration of the unmolded Flowcore. The concentration analysis did not show a sign of 
the fiber matrix separation phenomenon (FMS) described in the study by Kuhn et al. [27] in 
which the concentration analysis showed up to a 20wt% difference along with the height of 
the perpendicular rib. However, it is reasonable for the SBO part to not show significant 
changes in fiber concentrations at the sampling locations because it has full mold coverage of 
the initial charge (~100%). The initial charge placement can be reviewed from Figure 1-6.   
Unlike fiber orientation distribution and fiber concentration, the bend flows in the geometries 
of the SBO part did not cause any changes in the fiber length distribution of the Flowcore. 
However, noticeable fiber breakage occurred at the edges of the charge pattern (Figure 3-19). 
3.6.2 Microstructural properties and mechanical properties 
The fiber orientation distribution at the centre of the mechanical sample and the corresponding 
mechanical properties were compared to study the effect of microstructural properties on the 
mechanical properties.  
As seen from Figure 3-20 and Figure 3-21, the average of the fiber orientation tensors in the 
loading directions were higher among the flow direction samples (CT3, CT4, CT5, CT6) than 
the transverse samples (CT1, CT2). These confirm the direct relationship between the fiber 
alignment and the mechanical strength and modulus. However, the comparison of the averaged 
fiber orientation in the loading does not fully explain why some sample locations such as T4 
and T5 had significant differences in the mechanical properties despite a similar averaged fiber 





Figure 3-20: Box and whisker plot of 𝑨𝟐𝟐 in CT1 and CT2 in SBO 
 
 





Figure 3-22: Schematic of fracture points in the SBO tensile samples 
 
The cause may be due to limitations of the micro-CT analysis on the samples. The CT scan of 
the mechanical samples has limitations because of small scan area (~80 mm x 120 mm), which 
did not cover the entire tested area of the tensile and flexural samples. The scan area was 
limited due to the scanning time (~8 hours per scan) and file size limitations (~16GB per scan 
file). As can be seen from Figure 3-22, tensile samples experienced many fractures in the non-
scan regions. If the fiber orientation distribution throughout the length of the sample is similar, 
the method used in this thesis would be adequate to explain the relationship between the fiber 
orientation distribution and the mechanical properties. However, if the fiber orientation 
distribution varies significantly along the length of the mechanical sample, this method may 
have its limitation to describe the relationship of the fiber orientation distribution and 




observe the fiber orientation distribution across the nearby regions of the mechanical samples 
to check the variation in the fiber orientation distribution. Also, the CT scan or MoE analysis 
can be done near the points of fracture rather than identical centre locations to have a better 
understanding of fiber orientation distribution near the points of fracture. 
The comparison of mechanical properties and fiber concentrations of the samples obtained 
from the locations at the mechanical sampling locations (C1-C6) did not follow the findings in 
the series of studies on the compression molded glass fiber reinforced PP laminate by 
Thomason [34,35]. In summary, Thomason’s studies suggest that the tensile and flexure 
strength decreases after the fiber concentration exceeds 50wt%. Also, the composite modulus 
increases and the strain at break decreases as the fiber concentration increases. However, no 
correlation could be found between the fiber concentration and the mechanical properties in 
this thesis. This lack of observable relationship is possibly due to the relatively smaller range 
of fiber concentrations in the SBO samples. In the studies by Thomason et al., the ranges of 
the fiber concentration used were 0-60wt% [34,35]. However, the largest difference in the 
average concentration between C1-C6 locations was only 3.46wt%, which may be too small 
to observe the influence of the fiber concentration on the mechanical properties.  
Also, this comparison has two limitations. Firstly, the fiber concentration analysis in this thesis 
only provides the approximate fiber concentration of the mechanical test sampling regions, but 
it does not provide the actual fiber concentration of the tested samples. Secondly, as pointed 
out in Figure 3-22, many tensile samples fractured in the non-centre regions, so the point of 
fracture may have different fiber concentrations although the difference is expected to be small 
given a small variation of the fiber concentration in the overall SBO part. 
3.7 Conclusion 
In this chapter, the mechanical and microstructural properties of the SBO part were presented. 
Both tensile and flexural properties were higher in the samples loaded in the flow direction 
similar to the previous Flowcore plaque tests. Also, the mechanical properties differed 
depending on the location. The fiber orientation analysis showed that the local fiber orientation 
within the SBO part is strongly influenced by the nearby geometries. The fiber concentration 




small. The fiber length was not affected by the bend flow at the curvatures, but there was a 
fiber attrition in the middle of the part due to shearing by the tool near the charge pattern.  
The fiber orientation distribution of the mechanical samples could explain the general 
difference in the mechanical properties of the tensile and flexural samples, but it was not able 
to explain the difference between the samples. This comparison may be limited if there is a 
variation within the fiber orientation distribution across the length of the mechanical samples 
because the micro-CT scan could not be done on the entire tested area of the mechanical 
samples. For future works, it would be interesting to see the simulation results on the SBO to 
check if there is variation in the fiber orientation distributions within the mechanical samples. 
Also, it would be interesting to characterize the fiber orientation distribution of the points near 
the fracture points, which might give a more comprehensive understanding of the fiber 
orientation distribution and mechanical properties.   
The fiber concentration results were not able to explain the difference in the mechanical 
properties. However, the weight percentage difference between the concentration samples was 
too small in comparison to the other studies that showed the influence of fiber concentration 
on the mechanical properties. Hence, the range of the fiber concentration may have been too 
small to have any meaningful impact on the mechanical properties. In future work, it would be 
interesting to conduct the fiber concentration analysis on the entire mechanical samples or the 






Chapter 4  
4 Inner seatback 
The characterization results of the inner seatback (SBI) are presented and discussed in this 
chapter. The characterized microstructural properties of the SBI include fiber orientation, 
fiber concentration, and fiber length. Also, the tensile and flexural properties of the SBI were 
measured and presented. The label for geometries can be reviewed from Figure 1-5. 
4.1 Mechanical tests  
4.1.1 Tensile test 
The tensile tests were done in accordance in compliance of ASTM D638 [70] on 5 samples per 
sampling location at ambient temperature. A summary of all tensile results is provided in Table 
4-1. The values of the results were within the range of the mechanical properties of the full 
mold coverage Flowcore plaque provided in Table 3-2 of ‘Outer Seatback’ chapter.  
Table 4-1: Summary of SBI tensile tests (n=5) 
Location 
Ultimate tensile strength 
(MPa) 
Strain @ break (mm/mm) Young’s modulus (MPa) 










































Figure 4-1: Whiskers and box plot for the tensile ultimate strength of T1-T4 in SBI 
 
 






Figure 4-3: Whiskers and box plot for Young’s modulus of T1-T4 in SBI 
 
Figures 4-1, 4-2, and 4-3 presents the test results in the box and whisker plots for better visual 
comparison. Figure 4-4 shows the label for the symmetrical sides in the SBI. The comparison 
showed that the samples from Side 1 (T1/T3) have higher ultimate tensile strength and Young’s 
modulus than the symmetrical counterparts in Side 2 (T2/T4). The two-tailed t-test with the 
unequal variance (α=0.05)  was applied between the tensile properties of the symmetrical 
locations (T1/T2 and T3/T4). The result is summarized in Table 4-2. However, the t-tests 
showed no statistically significant differences (𝑝 > 0.05) between the tensile properties of the 






Figure 4-4: Symmetrical line and side labels in SBI 
 
 
Table 4-2: Summary of the two-tailed t-test on the tensile properties of the symmetrical 
sampling locations in SBI (n=5) 
 Ultimate tensile 
strength (MPa) 




Sampling location T1 T2 T1 T2 T1 T2 
Mean 214.98 206.58 1.90E-02 1.85E-02 13642.73 13074.00 
SD 13.43 8.73 1.07E-03 8.09E-04 442.45 998.63 
Two-tailed P-value 0.279 0.425 0.289 
Sampling location T3 T4 T3 T4 T3 T4 
Mean 194.09 191.49 1.75E-02 2.04E-02 13009.21 11853.99 
SD 12.87 13.13 2.62E-03 2.31E-03 1364.42 1299.38 







Table 4-3: Summary of the two-tailed t-test on the tensile properties of the sampling 
locations with different geometry in SBI (n=5) 
 Ultimate tensile 
strength (MPa) 




Sampling location T1 T3 T1 T3 T1 T3 
Mean 214.98 194.09 1.90E-02 1.75E-02 13642.73 13009.21 
SD 13.43 12.87 1.07E-03 2.62E-03 442.4 1364.42 
Two-tailed P-value 0.0363 0.298 0.369 
Sampling location T2 T4 T2 T4 T2 T4 
Mean 206.58 191.49 1.85E-02 2.04E-02 13074.00 11853.99 
SD 8.73 13.13 8.09E-04 2.31E-03 998.63 1299.38 
Two-tailed P-value 0.0697 0.138 0.135 
 
The tensile properties showed the numerical difference based on the location geometry. The 
sampling regions within the inner rim of the SBI part (T1, T2) had higher ultimate tensile 
strength and Young’s modulus than the samples obtained from the sides (T3, T4). To test the 
statistical difference in the tensile properties by the geometry, the two-tailed t-test with the 
unequal variance (α=0.05) was applied between the tensile properties of the locations with the 
different geometry on the same symmetrical side (Figure 4-4) to evaluate the influence of 
geometry. The detail of the test is summarized in Table 4-3. The t-test shows that there is a 
statistically significant difference ( 𝑝 < 0.05 ) in the ultimate tensile strength of different 
geometries at Side 1. However, there were no statistically significant differences in the ultimate 
tensile strength at Side 2 (T2/T4). Also, there were no statistically significant differences in 









4.1.2 Flexural test 
The three-point beam flexural tests were done on 5 samples from each sampling locations. 
Table 4-4 shows the summarized results of the flexural test.  
Table 4-4: Summary of SBI three-point beam tests (n=5) 
Location 
Flexural Strength (MPa) Strain @ Break (mm/mm) Flexural Modulus (MPa) 






































Figures 4-5, 4-6, and 4-7 presents the test results in the box and whisker plots. The symmetrical 
sides did not show an apparent pattern in the flexural properties. In the inner rim, F2 from Side 
2 had higher flexural properties than F1. Contrastingly, in the sides, F3 from Side 1 showed 
higher flexural strength and modulus than F4. To test the statistical significance of these 
differences, the two-tailed t-test with the unequal variance (α=0.05) was applied between the 
flexural properties of the symmetrical sampling locations (T1/T2 and T3/T4). Table 4-5 
summarized the key results of the t-test. The t-test showed that there are no statistically 





Figure 4-5: Whiskers and box plot for flexural strength of F1-F4 in SBI 
 
 






Figure 4-7: Whiskers and box plot for flexural modulus of F1-F4 in SBI 
 
Table 4-5: Summary of the two-tailed t-test on the flexural properties of the 
symmetrical sampling locations in SBI (n=5) 
 Flexural strength 
(MPa) 




Sampling location F1 F2 F1 F2 F1 F2 
Mean 286.77 296.94 2.13E-02 2.24E-02 13291.82 14097.82 
SD 19.60 23.28 2.14E-03 2.57E-03 1103.10 1217.91 
Two-tailed P-value 0.477 0.489 0.305 
Sampling location F3 F4 F3 F4 F3 F4 
Mean 297.12 279.31 2.18E-02 2.19E-02 13668.50 13451.96 
SD 22.87 27.26 1.01E-03 1.28E-03 964.92 1263.02 







The two-tailed t-test with the unequal variance (α=0.05) was also applied between the flexural 
properties of the locations with the different geometry on the same side (T1/T3 and T2/T4) to 
observe if there is a statistically significant difference in the flexural properties based on the 
geometry. The parameters of the t-test are summarized in Table 4-6. The tests showed that 
there are no statistically significant differences (𝑝 > 0.05) between all flexural properties of 
the sampling locations with the different geometry.  
Table 4-6: Summary of the two-tailed t-test on the tensile properties of the sampling 
locations with different geometry in SBI (n=5) 
 Flexural strength 
(MPa) 




Sampling location F1 F3 F1 F3 F1 F3 
Mean 286.77 297.12 2.13E-02 2.18E-02 13292 13669 
SD 19.60 23.28 2.14E-03 1.01E-03 1103.10 964.92 
Two-tailed P-value 0.465 0.648 0.581 
Sampling location F2 F4 F2 F4 F2 F4 
Mean 296.94 279.31 2.24E-02 2.19E-02 14098 13452 
SD 23.28 27.26 2.57E-03 1.28E-03 1217.91 1263.02 
Two-tailed P-value 0.304 0.707 0.434 
 
4.2 Fiber orientation  
The labels of the scanned mechanical samples are listed in Table 4-7. The locations of CT1-
CT4 can be reviewed from Figure 2-10 in Chapter 2. The fiber orientation tensors were rotated 
to align the fiber orientation with the global coordinates because both inner rim and side were 
angled. The locations from the inner rim (CT1, CT2) and sides (CT3, CT4) were rotated about 
𝐴  axis by angles of 15° and 7°, respectively. The fiber orientation distribution in the global 
coordinates (flow direction, transverse direction, and through-thickness direction) are shown 







Table 4-7: The scanned mechanical samples of SBI parts 
 CT1 CT2 CT3 CT4 
Sample 1 
(CT#_1) 
T1_4 T2_1 T3_4 T4_5 
Sample 2 
(CT#_2) 
F1_1 F2_1 F3_2 F4_3 
 
The comparison of the fiber orientation distributions between different geometries showed the 
similar degree of higher fiber alignment in the flow direction (𝐴 ) between the locations at 
the inner rims (CT1, CT2) and the locations at the sides (CT3, CT4). Also, all sample locations 
showed the pattern of increasing 𝐴  fiber orientation tensor near surfaces of the samples. 
However, more variation in the fiber orientation distribution could be seen from CT3 and CT4.  
 
Figure 4-8: 𝑨𝟏𝟏 Fiber orientation distribution of SBI mechanical samples (Normalized 





Figure 4-9: 𝑨𝟐𝟐 Fiber orientation distribution of SBI mechanical samples (Normalized 
thickness: 0 = mold bottom, 1 = mold top) 
 
Figure 4-10: 𝑨𝟑𝟑 Fiber orientation distribution of SBI mechanical samples (Normalized 




4.3 Fiber concentration analysis 
 
Figure 4-11: SBI fiber concentration comparison 
The TGA results are presented as a box and whisker plot for comparison in Figure 4-11. Its 
average and standard deviation values are summarized in Table 4-8. Most sampling locations 
had lower average remaining weights contents than the unmolded Flowcore except for C7. 
Among the sampling locations, the locations at the centreline of the SBI part (C9, C10) saw 
the largest decrease in the fiber concentration compared to the unmolded Flowcore (-4.14wt% 
and -4.11wt%, respectively).  
Table 4-8: SBI fiber concentration summary (n=5) 
Sampling Location 
Fiber concentration (%) 
Average SD 
C1 63.29 2.77 
C2 64.10 1.58 
C3 63.34 2.33 
C4 64.04 1.44 
C5 65.76 0.60 
C6 64.65 1.33 
C7 67.62 1.44 
C8 64.87 1.46 
C9 62.81 1.27 
C10 62.84 1.36 




For the comparison between the symmetrical samples, the two-tailed t-test assuming the 
unequal variance at the confidence level of 95% was applied for all symmetrical pairs of the 
concentration sample locations in the SBI (C1/C3, C2/C4, C5/C6, C7/C8). The results are 
summarized in Table 4-9. 
Table 4-9: Two-tailed t-test between the remaining weights of symmetrical locations in 
SBI (n=5) 
Pair C1/C3 (%) C2/C4 (%) C5/C6 (%) C7/C8 (%) 
Sample C1 C3 C2 C4 C5 C6 C7 C8 
Mean 63.29 63.34 64.10 64.04 65.76 64.04 67.62 64.87 
SD 2.77 2.33 1.58 1.44 0.60 1.33 1.44 1.46 
Two-tailed P-value 0.977 0.958 0.141 0.0171 
 
The symmetrical sampling locations within the inner rim (C1/C3, C2/C4) did not show 
statistically significant differences (𝑝 < 0.05) in the fiber concentration, and the differences 
were minimal (-0.05wt% and 0.06wt%, respectively). However, the symmetrical locations at 
the top sides showed a pattern of the locations at Side 1 having higher remaining weights than 
the symmetrical locations at Side 2. The remaining weight percentage at C5 was 1.11wt% 
higher than C6 although the locations did not have a statistically significant difference. Also, 
the remaining weight percentage in C7 was 2.75wt% higher than C8. The t-test in Table 4-9 
shows there is a statistically significant difference between the fiber concentrations of C7 and 
C8. 
The difference based on the sampling location geometry could also be seen from the 
comparison of the same-sided sampling locations with different geometries (C2/C5/C7 and 
C4/C6/C8). The fiber concentration increases with the increased distance from the centre of 
the SBI. For Side 1, the fiber concentration at C7 was higher than C2 by 4.28wt% and C5 by 
1.86wt%. Side 2 also showed a similar trend, but the degree of the increase was lesser than 
Side 1. The fiber concentration at C8 was higher than C4 by 0.83wt% and C6 by 0.22wt%. 
Again, the two-tailed t-test assuming the unequal variance (α=0.05) was applied between each 
location. The summary of the t-test is presented in Table 4-10. The t-test results showed that 
C7 had statistically significant differences (𝑝 < 0.05) from C2 and C5. However, the rest of 




Table 4-10: Two-tailed t-test between the samples on Side 1 and Side 2 in SBI (n=5) 
Pair C2/C5 (%) C2/C7 (%) C5/C7 (%) 
Sample C2 C5 C2 C7 C5 C7 
Mean 64.10 65.76 64.10 67.62 65.76 67.62 
SD 1.58 0.60 1.58 1.44 0.60 1.44 
Two-tailed P-value 0.0799 0.00622 0.0444 
Pair C4/C6 (%) C4/C8 (%) C6/C8 (%) 
Sample C4 C6 C4 C8 C6 C8 
Mean 64.04 64.65 64.04 64.87 64.65 64.87 
SD 1.44 1.33 1.44 1.46 1.33 1.46 
Two-tailed P-value 0.506 0.394 0.812 
 
4.4 Fiber length measurement 
Figures 4-12 and 4-13 show the histograms of the averaged fiber length distribution of L-1 and 
L-2 in the SBI. The locations of the samples can be reviewed from Figure 2-18 in Chapter 2.  
In the figures, the percentage represents the fraction of fibers in each fiber length bin with an 
interval of 1mm. The fraction of each fiber length bin was averaged from 5 different samples 
of each sampling location. Both locations showed similar distributions as the initial fiber length 
distribution of unmolded Flowcore (Figure 3-16). The fiber length distribution of both 
locations peaked in the range of 50-51mm without any noticeable secondary peak. Based on 
the comparison of the distribution, there was no significant fiber breakage occurring in both L-
1 and L-2 sampling locations. This result further confirms the observation from the SBO results 
in Chapter 3 in which the bent flow did not cause the fiber breakage during the compression 






Figure 4-12: Fiber length distribution of L-1 in SBI 
 
 


































































































































































































































































4.5.1 Complex geometries and microstructural properties 
The box and whisker plots of fiber orientation tensors in the local coordinates are presented in 
Figure 4-14. For a better comparison with the initial fiber orientation of Flowcore sheet, the 
fiber orientations in the local coordinates are provided instead of the global coordinates. In the 
figure, 𝐴  represents the flow direction and 𝐴  represents the local transverse direction 
which is perpendicular to the flow direction. As can be seen from the plots, the fiber orientation 
tensors of the mechanical samples showed random fiber orientation like the initial fiber 
orientation distribution of Flowcore.   
 
 








The possible reason behind this lack of difference might be the distance of the scan area from 
the complex geometries. The mechanical samples were obtained from the regions that are 
relatively far from the non-planar geometries due to the dimensional limitation. Hence, the 
mechanical samples were obtained from the regions with relatively simpler material flow. For 
the future work, it would be interesting to conduct fiber orientation analysis on regions closer 
to the complex geometries (i.e. pocket, bend) without mechanical testing to evaluate how the 
fiber orientation changes near the bends. 
The pyrolysis results showed the unsymmetrical fiber concentration in the sides of the SBI. 
Generally, the sample locations on Side 1 had higher fiber concentration than the sample 
locations on Side 2. The t-test showed C7 and C8 have a statistically significant difference, 
which may suggest that the material flow was different between the symmetrical sides.  
The fiber concentration increased as the sampling location becomes further from the centre of 
the part. C7 location showed higher fiber concentration than the rest of the samples and it was 
the only location with a higher fiber concentration than the unmolded Flowcore. C8 also 
showed a small increase in the fiber concentration at the side, but it did not have statistically 
significant differences with other samples from Side 2 (C4, C6). 
The fiber concentration analysis showed a numerical difference in the fiber concentration 
based on the symmetrical sides and the surrounding geometries. Nevertheless, the t-tests 
showed the statistically significant differences only when C7 was compared with other 
locations. This result may have been caused by the underlying molding condition of the SBI 
part, but it does not provide a clear picture due to the lack of statistically significant differences 
in other locations. For future work, it would be interesting to validate the observations with 
more fiber concentration analysis on the different locations in the SBI. 
Similar to the results in the outer seatback, the material flow at the bent geometries did not 








4.5.2 Microstructural properties and mechanical properties 
The mechanical properties and the average fiber orientation tensor in the loading direction 
showed the agreement. The average fiber alignment in the loading direction was similar in all 
mechanical samples while most mechanical properties did not show statistically significant 
differences aside from the ultimate tensile strength. These fairly unform mechanical properties 
and average fiber orientation tensor throughout the inner seatback are desirable outcome for 
prediction of the mechanical properties of the SBI. 
However, this observation may have its limitation because of the limited area of CT scans. Due 
to the reason mentioned in Section 3.5.2, the area of the CT scan could not cover the entire 
tested area of mechanical samples. As can be seen from Figure 4-15, many samples fractured 
at the unscanned areas. If the fiber orientation distribution of fracture points is significantly 
different from that of the scanned area, the comparison of fiber orientation and corresponding 
mechanical properties might be compromised. 
The comparison of the ultimate tensile strength and the fiber concentration showed some 
agreement with the results by Thomason. The ultimate tensile strength was higher at the sample 
locations from the inner rim of the SBI (T1, T2) while the fiber concentration is lower in the 
inner rim. Particularly, T1 showed the statistically significant difference from T3 which had a 
higher fiber concentration (Table 4-3). It is in the agreement with the studies [34–41] by 
Thomason which observed the decrease of tensile and flexural strength after the fiber 
concentration exceeding 50 wt.%. However, the flexural strength did not show statistically 
significant differences between the sample locations. Also, the range of the fiber concentration 
was small (< 2wt.%) in comparison to the range of fiber concentration studied in the studies, 







Figure 4-15: Schematic of fracture points in the SBI tensile samples 
 
4.5.3 Conclusion 
The mechanical and microstructural properties of the SBI part are presented in this chapter. 
The mechanical properties did not show statistically significant differences between the 
sampling locations except for ultimate tensile strength. The fiber orientation analysis showed 
that the local fiber orientation within the SBI part is influenced by the nearby geometries. The 
fiber concentration generally decreased compared to unmolded Flowcore except for C7. The 




between the fiber concentration of symmetrical sides. However, only C7 showed a statistically 
significant difference when compared with the symmetrical side, which limits the observation 
of unsymmetrical material flow. Hence, in the future, it would be interesting to conduct more 
fiber concentration analysis on the symmetrical locations of the SBI parts to confirm if the 
fiber concentration is unsymmetrical on the sides. The fiber length was not affected by the 
material flow at the bends.  
The fiber orientation distributions of the mechanical samples showed the random pattern 
without significant difference between the samples. It is possibly due to the distance from the 
bent geometries with complex material flow. For future work, it would be interesting to obtain 
a smaller sample for CT scan near bends to observe its influence on the fiber orientation 
distribution.  
The fiber orientation analysis result agrees with the general mechanical properties, which did 
not show the significant differences. It is a desirable outcome for the prediction of the 
mechanical properties of the SBI in the future work. However, as pointed out in the previous 
chapter, this comparison may be limited because the fiber orientation distribution of the 
scanned area may differ from that of the fracture points. For future work, it would be interesting 
to characterize the fiber orientation distribution of the points near the fracture points, which 
might give a more comprehensive understanding of the relationship between fiber orientation 
distribution and mechanical properties.   
The comparison of mechanical properties and fiber concentration results also showed some 
agreement with the previous studies.  However, the mechanical properties did not show 
statistically significant differences aside from the ultimate tensile strength and the weight 
percentage difference between the concentration samples was much smaller than the previous 





Chapter 5  
5 Conclusion and future work 
Previously, there had been limited numbers of studies done on the material characterization of 
composite parts with complex shaped geometries. Therefore, the fundamental purpose of this 
research was to fill that knowledge gap by conducting comprehensive material characterization 
on two different complex shaped composite parts: outer and inner seatbacks. In addition, it 
also aimed to obtain validation data for a molding simulation, which can be used in the 
optimization of a composite part for the lightweighting purpose.  In accordance with these 
purposes, this research aimed to characterize mechanical and microstructural properties of 
compression-molded seatbacks. It also aimed to evaluate the influence of the complex 
geometries on the microstructural properties of the molded composites and the relationship 
between microstructural and mechanical properties in the complex shaped composite parts.  
Based on the characterization of the microstructural properties, it can be concluded that 
complex geometries influence the microstructural properties. Especially, the complex 
geometries significantly influence the fiber orientation of the nearby region. The fiber 
concentration was also influenced by the geometries, but the degree of the change was 
generally small due to the full mold coverage of the initial charges. The fiber length decreased 
near the charge pattern at the centre of the outer seatback parts, but it was not affected by the 
material flow at the bends.  
As for the relationship between microstructural and mechanical properties, the mechanical 
properties and fiber concentration did not show the expected relationship shown from the 
studies by Thomason et al. [34–41], which observed the decrease in both tensile and flexural 
strengths as fiber concentration increases after it exceeds 50wt%. It is possibly due to the small 
range of fiber concentration throughout the outer and inner seatbacks which might be 
inadequate to observe the noticeable impact of the fiber concentration on mechanical properties. 
Also, the fiber concentration sample only provides approximate concentration at the centre of 
the mechanical samples because the concentration analysis was not done directly on the 
mechanical samples. Therefore, future work could be conducting fiber concentration analysis 
directly on the tested mechanical samples to establish more direct relationship between 




The relationship between fiber length and mechanical properties was not studied in this 
research because significant fiber breakage only occurred around the charge pattern, where a 
mechanical sample was unobtainable due to its non-planar geometries. 
Meanwhile, the mechanical samples with higher fiber orientation in the loading direction 
showed higher mechanical properties. However, the CT scan area only covered a partial 
portion of the mechanical samples due to technical constraints. Moreover, many fractures 
occurred in the unscanned area during tensile tests. Hence, the CT analysis on the mechanical 
samples may be compromised if fiber orientation was significantly different between the 
scanned area and the point of fracture. Hence, future improvement can be done for the fiber 
orientation characterization of mechanical samples by analyzing a nearby region of fracture 
points after the mechanical tests. This method would provide a better understanding of the 






[1] Atabani, A. E., Badruddin, I. A., Mekhilef, S., and Silitonga, A. S., 2011, “A Review 
on Global Fuel Economy Standards, Labels and Technologies in the Transportation 
Sector,” Renew. Sustain. Energy Rev., 15(9), pp. 4586–4610. 
[2] Mayyas, A., Omar, M., Hayajneh, M., and Mayyas, A. R., 2017, “Vehicle’s 
Lightweight Design vs. Electrification from Life Cycle Assessment Perspective,” J. 
Clean. Prod., 167, pp. 687–701. 
[3] Lutsey, N., 2010, UC Davis Recent Work Title Review of Technical Literature and 
Trends Related to Automobile Mass-Reduction Technology Publication Date. 
[4] Görthofer, J., Meyer, N., Pallicity, T. D., Schöttl, L., Trauth, A., Schemmann, M., 
Hohberg, M., Pinter, P., Elsner, P., Henning, F., Hrymak, A., Seelig, T., Weidenmann, 
K., Kärger, L., and Böhlke, T., 2019, “Virtual Process Chain of Sheet Molding 
Compound: Development, Validation and Perspectives,” Compos. Part B Eng., 169, 
pp. 133–147. 
[5] Hull, D., 1996, An Introduction to Composite Materials / D. Hull and T.W. Clyne., 
Cambridge University Press, Cambridge [England] ; 
[6] Baur, E., Osswald, T. A., and Rudolph, N., 2019, Plastics Handbook, Carl Hanser 
Verlag GmbH & Co. KG. 
[7] Osswald, T. A., and Menges, G., 2003, Materials Science of Polymers for Engineers , 
Hanser Publishers ; Cincinnati : Hanser Gardner Publications, Munich. 
[8] Böhlke, T., Hrymak, A., Kärger, L., Pallicity, T. D., Weidenmann, K. A., and Wood, 
J. T., 2019, “1 - Introduction to Continuous–Discontinuous Fiber-Reinforced Polymer 
Composites,” T. Böhlke, F. Henning, A. Hrymak, L. Kärger, K.A. Weidenmann, and 
J.T.B.T.-C.-D.F.-R.P. Wood, eds., Hanser, pp. 1–10. 
[9] Priyanka, P., Dixit, A., and Mali, H. S., 2017, “High-Strength Hybrid Textile 
Composites with Carbon, Kevlar, and E-Glass Fibers for Impact-Resistant Structures. 
A Review,” Mech. Compos. Mater., 53(5), pp. 685–705. 
[10] Karger-Kocsis, J., 1993, “Instrumented Impact Fracture and Related Failure Behavior 




48(1–4), pp. 273–283. 
[11] Ward, S., and Crosby, J., 1990, “The Influence of Microstructure on the Mechanical 
Property Performance of Long Fiber Reinforced Thermoplastic Composites,” J. 
Thermoplast. Compos. Mater., 3(2), pp. 160–169. 
[12] Hassan, A., Yahya, R., Rafiq, M. I. M., Hussin, A., Sheikh, M. R. K., and Hornsby, P. 
R., 2011, “Interfacial Shear Strength and Tensile Properties of Injection-Molded, 
Short- and Long-Glass Fiber-Reinforced Polyamide 6,6 Composites,” J. Reinf. Plast. 
Compos., 30(14), pp. 1233–1242. 
[13] Dai, X. Y., and Bates, P. J., 2008, “Mechanical Properties of Vibration Welded Short- 
and Long-Glass-Fiber-Reinforced Polypropylene,” Compos. Part A Appl. Sci. Manuf., 
39(7), pp. 1159–1166. 
[14] Pechulis, M., and Vautour, D., 1998, “The Effect of Thickness on the Tensile and 
Impact Properties of Reinforced Thermoplastics,” J. Reinf. Plast. Compos., 17(17), pp. 
1580–1586. 
[15] Myer Kutz, 2017, “Applied Plastics Engineering Handbook Processing, Materials, and 
Applications,” William Andrew [Online]. Available: 
https://app.knovel.com/web/toc.v/cid:kpAPEHPMA5/viewerType:toc/. [Accessed: 04-
Feb-2021]. 
[16] Ning, H., Lu, N., Hassen, A. A., Chawla, K., Selim, M., and Pillay, S., 2019, “A 
Review of Long Fibre Thermoplastic (LFT) Composites [A Review of Long Fibre-
Reinforced Thermoplastic of Long Fibre Thermoplastic (LFT) Composites],” Int. 
Mater. Rev., 64(1). 
[17] Friedrich, K., and Almajid, A. A., 2012, “Manufacturing Aspects of Advanced 
Polymer Composites for Automotive Applications,” Appl. Compos. Mater. 2012 202, 
20(2), pp. 107–128. 
[18] Markarian, J., 2007, “Long Fibre Reinforced Thermoplastics Continue Growth in 
Automotive,” Plast. Addit. Compd., 9(2), pp. 20–24. 
[19] Markarian, J., 2005, “Long Fibre Reinforcement Drives Automotive Market Forward,” 




[20] Mallick, P. K., 2018, Polymer Matrix Composites : Processing and Applications / by 
P.K Mallick., CRC Press, Boca Raton. 
[21] Teuwsen, J., Hohn, S. K., and Osswald, T. A., 2020, “Direct Fiber Simulation of a 
Compression Molded Ribbed Structure Made of a Sheet Molding Compound with 
Randomly Oriented Carbon/Epoxy Prepreg Strands—a Comparison of Predicted Fiber 
Orientations with Computed Tomography Analyses,” J. Compos. Sci., 4(4), p. 164. 
[22] Favaloro, A. J., Sommer, D. E., Denos, B. R., and Pipes, R. B., 2018, “Simulation of 
Prepreg Platelet Compression Molding: Method and Orientation Validation,” J. Rheol. 
(N. Y. N. Y)., 62(6), pp. 1443–1455. 
[23] Song, Y., Gandhi, U., Sekito, T., Vaidya, U. K., Vallury, S., Yang, A., and Osswald, 
T., 2018, “CAE Method for Compression Molding of Carbon Fiber-Reinforced 
Thermoplastic Composite Using Bulk Materials,” Compos. Part A Appl. Sci. Manuf., 
114, pp. 388–397. 
[24] Jo, S. H., and Kim, E. G., 2002, “Effect of Product Geometry on Fiber Orientation of 
Compression-Molded Rib Type Products,” Journal of Materials Processing 
Technology, Elsevier, pp. 156–160. 
[25] Londoño-Hurtado, A., Hernandez-Ortiz, J. P., and Osswald, T. A., 2007, “Mechanism 
of Fiber-Matrix Separation in Ribbed Compression Molded Parts,” Polym. Compos., 
28(4), pp. 451–457. 
[26] Goris, S., and Osswald, T. A., 2018, “Process-Induced Fiber Matrix Separation in 
Long Fiber-Reinforced Thermoplastics,” Compos. Part A Appl. Sci. Manuf., 105, pp. 
321–333. 
[27] Kuhn, C., Walter, I., Taeger, O., and Osswald, T. A., 2017, “Experimental and 
Numerical Analysis of Fiber Matrix Separation during Compression Molding of Long 
Fiber Reinforced Thermoplastics,” J. Compos. Sci., 1(1), p. 2. 
[28] Balaji Thattaiparthasarathy, K., Pillay, S., Ning, H., and Vaidya, U. K., 2008, “Process 
Simulation, Design and Manufacturing of a Long Fiber Thermoplastic Composite for 
Mass Transit Application,” Compos. Part A Appl. Sci. Manuf., 39(9), pp. 1512–1521. 




Structures with Ribs Made of Long Carbon-Fiber-Reinforced Prepregs,” Compos. 
Struct., 168, pp. 56–64. 
[30] Sasayama, T., Inagaki, M., and Sato, N., 2019, “Direct Simulation of Glass Fiber 
Breakage in Simple Shear Flow Considering Fiber-Fiber Interaction,” Compos. Part A 
Appl. Sci. Manuf., 124, p. 105514. 
[31] Ramesh, M., Palanikumar, K., and Reddy, K. H., 2016, “Influence of Fiber 
Orientation and Fiber Content on Properties of Sisal-Jute-Glass Fiber-Reinforced 
Polyester Composites,” J. Appl. Polym. Sci., 133(6), p. 42968. 
[32] Fu, S. Y., and Lauke, B., 1996, “Effects of Fiber Length and Fiber Orientation 
Distributions on the Tensile Strength of Short-Fiber-Reinforced Polymers,” Compos. 
Sci. Technol., 56(10), pp. 1179–1190. 
[33] Wang, H. W., Zhou, H. W., Gui, L. L., Ji, H. W., and Zhang, X. C., 2014, “Analysis of 
Effect of Fiber Orientation on Young’s Modulus for Unidirectional Fiber Reinforced 
Composites,” Compos. Part B Eng., 56, pp. 733–739. 
[34] Thomason, J. L., and Vlug, M. A., 1996, “Influence of Fibre Length and 
Concentration on the Properties of Glass Fibre-Reinforced Polypropylene: 1. Tensile 
and Flexural Modulus,” Compos. Part A Appl. Sci. Manuf., 27(6), pp. 477–484. 
[35] Thomason, J. L., Vlug, M. A., Schipper, G., and Krikor, H. G. L. T., 1996, “Influence 
of Fibre Length and Concentration on the Properties of Glass Fibre-Reinforced 
Polypropylene: Part 3. Strength and Strain at Failure,” Compos. Part A Appl. Sci. 
Manuf., 27(11), pp. 1075–1084. 
[36] Thomason, J. L., and Vlug, M. A., 1997, “Influence of Fibre Length and 
Concentration on the Properties of Glass Fibre-Reinforced Polypropylene: 4. Impact 
Properties,” Compos. Part A Appl. Sci. Manuf., 28(3), pp. 277–288. 
[37] Thomason, J. L., 2002, “The Influence of Fibre Length and Concentration on the 
Properties of Glass Fibre Reinforced Polypropylene: 5. Injection Moulded Long and 
Short Fibre PP,” Compos. Part A Appl. Sci. Manuf., 33(12), pp. 1641–1652. 
[38] Thomason, J. L., 2005, “The Influence of Fibre Length and Concentration on the 




Moulded Long Fibre PP at High Fibre Content,” Compos. Part A Appl. Sci. Manuf., 
36(7), pp. 995–1003. 
[39] Thomason, J. L., 2007, “The Influence of Fibre Length and Concentration on the 
Properties of Glass Fibre Reinforced Polypropylene: 7. Interface Strength and Fibre 
Strain in Injection Moulded Long Fibre PP at High Fibre Content,” Compos. Part A 
Appl. Sci. Manuf., 38(1), pp. 210–216. 
[40] Thomason, J. L., 2009, “The Influence of Fibre Length, Diameter and Concentration 
on the Impact Performance of Long Glass-Fibre Reinforced Polyamide 6,6,” Compos. 
Part A Appl. Sci. Manuf., 40(2), pp. 114–124. 
[41] Thomason, J. L., 2008, “The Influence of Fibre Length, Diameter and Concentration 
on the Modulus of Glass Fibre Reinforced Polyamide 6,6,” Compos. Part A Appl. Sci. 
Manuf., 39(11), pp. 1732–1738. 
[42] Houshyar, S., Shanks, R. A., and Hodzic, A., 2005, “The Effect of Fiber Concentration 
on Mechanical and Thermal Properties of Fiber-Reinforced Polypropylene 
Composites,” J. Appl. Polym. Sci., 96(6), pp. 2260–2272. 
[43] Han, K. Q., Liu, Z. J., and Yu, M. H., 2005, “Preparation and Mechanical Properties of 
Long Glass Fiber Reinforced PA6 Composites Prepared by a Novel Process,” 
Macromol. Mater. Eng., 290(7), pp. 688–694. 
[44] Teixeira, D., Giovanela, M., Gonella, L. B., and Crespo, J. S., 2013, “Influence of 
Flow Restriction on the Microstructure and Mechanical Properties of Long Glass 
Fiber-Reinforced Polyamide 6.6 Composites for Automotive Applications,” Mater. 
Des., 47, pp. 287–294. 
[45] Yang, B., Leng, J., He, B., Liu, H., Zhang, Y., and Duan, Z., 2012, “Influence of Fiber 
Length and Compatibilizer on Mechanical Properties of Long Glass Fiber Reinforced 
Polyamide 6,6,” J. Reinf. Plast. Compos., 31(16), pp. 1103–1112. 
[46] Folgar, F., and Tucker, C. L., 1984, “Orientation Behavior of Fibers in Concentrated 
Suspensions,” J. Reinf. Plast. Compos., 3(2), pp. 98–119. 
[47] Advani, S. G., and Tucker, C. L., 1987, “The Use of Tensors to Describe and Predict 





[48] Song, Y., Gandhi, U., Pérez, C., Osswald, T., Vallury, S., and Yang, A., 2017, 
“Method to Account for the Fiber Orientation of the Initial Charge on the Fiber 
Orientation of Finished Part in Compression Molding Simulation,” Compos. Part A 
Appl. Sci. Manuf., 100, pp. 244–254. 
[49] Vélez-García, G. M., Wapperom, P., Baird, D. G., Aning, A. O., and Kunc, V., 2012, 
“Unambiguous Orientation in Short Fiber Composites over Small Sampling Area in a 
Center-Gated Disk,” Compos. Part A Appl. Sci. Manuf., 43(1), pp. 104–113. 
[50] Hofmann, J. T., Vélez‐Garcia, G. M., Baird, D. G., and Whittington, A. R., 2013, 
“Application and Evaluation of the Method of Ellipses for Measuring the Orientation 
of Long, Semi‐flexible Fibers,” Polym. Compos., 34(3), pp. 390–398. 
[51] Zhu, H., Gu, Y., Yang, Z., Li, Q., Li, M., Wang, S., and Zhang, Z., 2020, “Fiber 
Distribution of Long Fiber Reinforced Polyamide and Effect of Fiber Orientation on 
Mechanical Behavior,” Polym. Compos., 41(4), pp. 1531–1550. 
[52] Sharma, B. N., Naragani, D., Nguyen, B. N., Tucker, C. L., and Sangid, M. D., 2018, 
“Uncertainty Quantification of Fiber Orientation Distribution Measurements for Long-
Fiber-Reinforced Thermoplastic Composites,” J. Compos. Mater., 52(13), pp. 1781–
1797. 
[53] SWAIN, S. S., SAMAL, S. K., MOHANTY, S., and NAYAK, S. K., 2016, 
“Investigation of Fibre Orientation Using SEM Micrograph and Prediction of 
Mechanical Properties through Micromechanical Modelling,” Bull. Mater. Sci., 39(3), 
pp. 837–846. 
[54] Lee, K. S., Lee, S. W., Youn, J. R., Kang, T. J., and Chung, K., 2001, “Confocal 
Microscopy Measurement of the Fiber Orientation in Short Fiber Reinforced Plastics,” 
Fibers Polym., 2(1), pp. 41–50. 
[55] Kawamura, M., Ikeda, S., Morita, S., and Sanomura, Y., 2005, “Unambiguous 
Determination of 3D Fiber Orientation Distribution in Thermoplastic Composites 
Using SAM Image of Elliptical Mark and Interference Fringe,” J. Compos. Mater., 




[56] Bay, R. S., 1991, “Fiber Orientation in Injection-Molded Composites: A Comparison 
of Theory and Experiment.” 
[57] Clarke, A., Eberhardt, C., and Eberhardt, C. N., 2002, Microscopy Techniques for 
Materials Science, Woodhead Publishing. 
[58] Cazaux, J., 2008, “X-Ray Microtomography,” Handbook of Microscopy: Applications 
in Materials Science , Solid-State Physics and Chemistry, wiley, pp. 149–161. 
[59] Harrer, B., and Kastner, J., 2011, “X-Ray Microtomography: Characterisation of 
Structures and Defect Analysis,” Adv. Struct. Mater., 10, pp. 119–149. 
[60] Motaghi, A., and Hrymak, A. N., 2019, “Microstructure Characterization in Direct 
Sheet Molding Compound,” Polym. Compos., 40(S1), pp. E69–E77. 
[61] Sabiston, T., Inal, K., and Lee-Sullivan, P., 2019, “Method to Determine the Required 
Microstructure Size to Be Represented by a Second Order Fibre Orientation Tensor 
Using X-Ray Micro Computed Tomography to Evaluate Compression Moulded 
Composites,” Compos. Sci. Technol., 182, p. 107777. 
[62] Perumal, V., Gupta, R. K., Bhattacharya, S. N., and Costa, F. S., 2019, “Fiber 
Orientation Prediction in Nylon-6 Glass Fiber Composites Using Transient Rheology 
and 3-Dimensional x-Ray Computed Tomography,” Polym. Compos., 40(S1), pp. 
E392–E398. 
[63] Garcea, S. C., Wang, Y., and Withers, P. J., 2018, “X-Ray Computed Tomography of 
Polymer Composites,” Compos. Sci. Technol., 156, pp. 305–319. 
[64] Schöttl, L., Dörr, D., Pinter, P., Weidenmann, K. A., Elsner, P., and Kärger, L., 2020, 
“A Novel Approach for Segmenting and Mapping of Local Fiber Orientation of 
Continuous Fiber-Reinforced Composite Laminates Based on Volumetric Images,” 
NDT E Int., 110, p. 102194. 
[65] Kim, J.-W., and Lee, D.-G., 2014, “Study on the Fiber Orientation during 
Compression Molding of Reinforced Thermoplastic Composites,” Int. J. Precis. Eng. 
Manuf. Technol., 1(4), pp. 335–339. 
[66] Wakeman, M. D., Cain, T. A., Rudd, C. D., Brooks, R., and Long, A. C., 1999, 




Macro- and Micro-Mechanical Properties II. Glass-Mat-Reinforced Thermoplastics,” 
Compos. Sci. Technol., 59(5), pp. 709–726. 
[67] O’Regan, D., and Akay, M., 1996, “The Distribution of Fibre Lengths in Injection 
Moulded Polyamide Composite Components,” J. Mater. Process. Technol., 56(1–4), 
pp. 282–291. 
[68] Xu, C., 2020, “Material Properties and Heat Transfer Parameters in Compression 
Molding of Glass Mat Thermoplastics,” Electron. Thesis Diss. Repos. 
[69] Krause, M., Hausherr, J. M., Burgeth, B., Herrmann, C., and Krenkel, W., 2010, 
“Determination of the Fibre Orientation in Composites Using the Structure Tensor and 
Local X-Ray Transform,” J. Mater. Sci. 2009 454, 45(4), pp. 888–896. 
[70] 2014, “ASTM D638 - 14, Standard Test Method for Tensile Properties of Plastics.” 
[71] 2021, “ASTM D7264 / D7264M - 21, Standard Test Method for Flexural Properties of 
Polymer Matrix Composite Materials,” ASTM Int. 
[72] Kunc, V., Frame, B., Nguyen, B., Tucker, C., and Velez-Garcia, G., 2007, “FIBER 
LENGTH DISTRIBUTION MEASUREMENT FOR LONG GLASS AND CARBON 
FIBER REINFORCED INJECTION MOLDED THERMOPLASTICS.” 
[73] Hofmann, J. T., Davis, R. M., Martin, S. M., and Whittington, A. R., 2013, “Extension 
of the Method of Ellipses to Determining the Orientation of Long, Semi-Flexible 
Fibers in Model 2-and 3-Dimensional Geometries.” 








Appendix A: Tensile properties and flexural properties of SBO sampling locations  
T1 
Part 
Ultimate Tensile Strength 
(MPa) 




T1_1 176.04 1.42E-02 13657.70 
T1_2 141.74 1.78E-02 11412.41 
T1_3 139.48 1.94E-02 10720.05 
T1_4 91.07 1.23E-02 9566.18 
T1_5 179.19 2.12E-02 11978.83 
T1_6 158.71 1.67E-02 12636.26 
T1_7 136.76 1.25E-02 13299.87 




Ultimate Tensile Strength 
(MPa) 




T2_1 79.65 8.02E-03 9862.51 
T2_2 75.04 9.73E-03 9117.20 
T2_3 101.23 8.88E-03 12648.25 
T2_4 86.56 9.38E-03 10392.39 
T2_5 85.61 1.01E-02 10553.32 
T2_6 104.74 1.24E-02 10845.02 
T2_7 128.68 1.60E-02 10273.54 




Ultimate Tensile Strength 
(MPa) 




T3_1 124.20 1.63E-02 11145.02 
T3_2 137.18 1.01E-02 13889.90 
T3_3 211.52 1.50E-02 17246.67 
T3_4 248.16 7.75E-03 17526.83 
T3_5 147.76 1.18E-02 14579.39 
T3_6 159.27 1.16E-02 15590.56 
T3_7 174.71 1.21E-02 15995.55 










Ultimate Tensile Strength 
(MPa) 




T4_1 202.67 1.77E-02 14779.06 
T4_2 267.04 1.61E-02 17291.44 
T4_3 246.03 1.71E-02 15641.41 
T4_4 222.86 1.49E-02 16482.90 
T4_5 198.44 1.18E-02 19781.35 
T4_6 124.64 1.28E-02 11053.02 
T4_7 188.04 1.32E-02 15766.44 




Ultimate Tensile Strength 
(MPa) 




T5_1 177.11 1.33E-02 15052.91 
T5_2 203.31 1.29E-02 17410.90 
T5_3 110.34 8.78E-03 13538.19 
T5_4 158.42 1.18E-02 15010.74 
T5_5 123.65 8.28E-03 15374.33 
T5_6 105.24 1.04E-02 11203.65 
T5_7 189.36 1.47E-02 15127.66 




Ultimate Tensile Strength 
(MPa) 




T6_1 171.59 1.62E-02 12473.44 
T6_2 251.38 1.90E-02 14515.11 
T6_3 173.55 1.86E-02 12023.96 
T6_4 179.03 1.59E-02 13904.90 
T6_5 219.63 1.77E-02 14149.34 
T6_6 184.74 1.71E-02 13905.69 
T6_7 226.28 1.93E-02 14115.75 


















F1_1 154.63 1.87E-02 10196.59 
F1_2 163.47 1.91E-02 10169.90 
F1_3 145.56 1.84E-02 10080.83 
F1_4 162.91 1.96E-02 9456.92 










F2_1 203.11 2.08E-02 11006.13 
F2_2 164.12 1.85E-02 9776.74 
F2_3 177.58 1.98E-02 10087.69 
F2_4 155.72 1.89E-02 8776.50 










F3_1 223.25 2.30E-02 12455.22 
F3_2 223.27 2.47E-02 11959.04 
F3_3 234.88 2.49E-02 11615.36 
F3_4 237.54 2.44E-02 12769.99 










F4_1 170.67 1.59E-02 12326.18 
F4_2 182.54 1.67E-02 12535.81 
F4_3 261.95 2.29E-02 13793.29 
F4_4 170.36 2.17E-02 12766.44 



















F5_1 230.52 2.12E-02 12962.73 
F5_2 221.63 1.83E-02 13182.80 
F5_3 247.81 2.02E-02 14620.44 
F5_4 251.05 2.21E-02 13239.96 










F6_1 288.33 2.03E-02 16054.42 
F6_2 282.84 1.99E-02 14763.33 
F6_3 294.87 2.00E-02 15833.51 
F6_4 283.04 2.00E-02 14749.86 






Appendix B:  Tensile properties and flexural properties of SBI sampling locations 
T1 
Part 
Ultimate Tensile Strength 
(MPa) 




T1_1 212.33 1.90E-02 13268.82 
T1_2 211.10 1.91E-02 14142.49 
T1_3 234.56 2.02E-02 14005.77 
T1_4 219.22 1.93E-02 13664.92 




Ultimate Tensile Strength 
(MPa) 




T2_1 216.31 1.74E-02 14242.83 
T2_2 211.37 1.83E-02 12568.42 
T2_3 196.98 1.92E-02 11896.50 
T2_4 197.67 1.93E-02 12679.76 




Ultimate Tensile Strength 
(MPa) 




T3_1 189.10 1.56E-02 11989.79 
T3_2 194.36 1.83E-02 13148.84 
T3_3 214.69 2.16E-02 12224.81 
T3_4 179.57 1.71E-02 12360.11 




Ultimate Tensile Strength 
(MPa) 




T4_1 200.89 1.82E-02 13031.49 
T4_2 194.18 1.80E-02 12974.26 
T4_3 192.80 2.12E-02 11785.64 
T4_4 168.94 2.35E-02 9838.67 










Flexural Strength (MPa) 




F1_1 212.33 1.90E-02 13268.82 
F1_2 211.10 1.91E-02 14142.49 
F1_3 234.56 2.02E-02 14005.77 
F1_4 219.22 1.93E-02 13664.92 




Flexural Strength (MPa) 




F2_1 216.31 1.74E-02 14242.83 
F2_2 211.37 1.83E-02 12568.42 
F2_3 196.98 1.92E-02 11896.50 
F2_4 197.67 1.93E-02 12679.76 




Flexural Strength (MPa) 




F3_1 189.10 1.56E-02 11989.79 
F3_2 194.36 1.83E-02 13148.84 
F3_3 214.69 2.16E-02 12224.81 
F3_4 179.57 1.71E-02 12360.11 




Flexural Strength (MPa) 




F4_1 200.89 1.82E-02 13031.49 
F4_2 194.18 1.80E-02 12974.26 
F4_3 192.80 2.12E-02 11785.64 
F4_4 168.94 2.35E-02 9838.67 
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